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Abstract

Collimonads are well-adapted to nutrient-poor environments. They are known to hydrolyse chitin, produce antifungal metabolites,
weather minerals, and are effective biocontrol agents protecting plants from fungal diseases. The production of N-acyl homoserine
lactones (AHLs) was suggested to be a conserved trait of collimonads, but little is known about the genes that underlie this production
or the genes that are controlled by AHLs. To improve our understanding of the role of AHLs in the ecology of collimonads, we carried
out transcriptomic analyses, combined with chemical and functional assays, on strain Collimonas pratensis PMB3(1). The main AHLs
produced by this strain were identified as 3-hydroxy-hexa- and octa-noyl-homoserine lactone. Genome analysis permitted to identify
putative genes coding for the autoinducer synthase (coll) and cognate transcriptional regulator (colR). The ability to produce AHLs was
lost in Acoll and AcolR mutants. Functional assays revealed that the two mutants metabolized glucose, formate, oxalate, and leucine
better than the wild-type (WT) strain. Transcriptome sequencing analyses revealed an up-regulation of different metabolic pathways
and of motility in the QS-mutants compared to the WT strain. Overall, our results provide insights into the role of the AHL-dependent

regulation system of Collimonas in environment colonization, metabolism readjustment, and microbial interactions.

Keywords: acyl homoserine lactone, Collimonas, mycorrhizosphere, transcriptomics

Introduction

Quorum sensing (QS) is a widespread regulatory mechanism used
by bacteria to regulate and coordinate gene expression in a cell-
density dependent manner (Whitehead et al. 2001, Mukherjee and
Bassler 2019). QS relies on the production and perception of spe-
cific signal molecules by cells in the bacterial population (White-
head et al. 2001, Sperandio 2010, Papenfort and Bassler 2016). The
most common and most studied QS signal molecules found in
Gram-negative bacteria are N-acyl-L-homoserine lactones (AHL;
Whitehead et al. 2001), whereas Gram-positive bacteria mostly
use small peptides (Kleerebezem et al. 1997). AHLs exhibit a con-
served structure, with a homoserine lactone (HSL) ring, i.e. N-
linked to an acyl chain ranging from 4 to 18 carbons in length. The
length of the acyl chain and the oxidation status of the C3 posi-
tion of the acyl chain provide for specificity of the QS signal (Fuqua
et al. 2001). AHLs are produced through a LuxI-like synthase and
perceived by a LuxR-type sensor, which acts as a transcriptonal
regulator and binds to a specific sequence in the promoter region
of the gene(s) whose transcription is AHL-controlled (Fuqua et al.
1994). Synchronization of gene expression occurs when a thresh-
old concentration of AHLs is reached, allowing the induction or
repression of gene expression. A broad range of biological func-
tions have been shown to be regulated through QS systems in bac-

teria, such as antibiotic and enzyme production, motility, biofilm
formation, conjugation, and symbiosis (Winson et al. 1995, Wood
et al. 1997, Whitehead et al. 2002, Wisniewski-Dyé and Downie
2002, Brennan et al. 2013). Recent findings also suggest that QS
is involved in the regulation of primary metabolism (LaRock et al.
2013, Goo et al. 2015, Carneiro et al. 2020). For example, regulation
of glucose, glyoxylate, or oxalate metabolic pathways through an
AHL-dependent system has been reported for different Burkholde-
ria species (Goo et al. 2015; An et al. 2014). While the QS regula-
tion system has been largely investigated in pathogenic bacteria
(Swift et al. 2001, Whitehead et al. 2001, Mukherjee and Bassler
2019, LaRock et al. 2013), it can also be found in beneficial bacte-
ria such as plant growth-promoting rhizobacteria and biocontrol
agents (Wood et al. 1997, Zuiliga et al. 2013; Rankl et al. 2016).

A wide range of Gram-negative taxa have been shown to
produce AHLs, including representatives of the «-, g, and y-
Proteobacteria or Bacteroidetes (Gray and Garey 2001, Romero et
al. 2010). The AHLs produced can strongly differ from one strain
to another strain and the use of LC-MS/MS highlighted that the
variety of AHL produced by one strain can be very high (Ortori
et al. 2007, Rasmussen et al. 2014, Patel et al. 2016). In the soil
environment, and more particularly in the close vicinity of the
roots where competition for nutritive resources is fierce, AHL-
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producing bacteria can represent 10%—40% of the culturable pop-
ulation (Steidle et al. 2001, Dangelo-Picard et al. 2005, Schaefer et
al. 2013). While this ability was largely investigated in the rhizo-
sphere and in the context of the production of antifungal metabo-
lites (i.e. phenazine; Pierson and Pierson 1996), few studies have
considered the role of AHLs in the mycorrhizosphere (i.e. plant
roots colonized by a symbiotic fungus; Rambelli 1973, Johansson
et al. 2004). The mycorrhizosphere represents a distinct environ-
ment compared to the rhizosphere, both physically and chemi-
cally, as it relies on the establishment and functioning of a symbi-
otic interaction between plant roots and mycorrhizal fungi. This
symbiosis strongly modifies soil properties, but also plant func-
tioning, which in turn impacts the associated microbial commu-
nities (Johansson et al. 2004, Marupakula et al. 2017, Uroz et al.
2019, 2012, Pratama and van Elsas 2019). Several studies have
shown that both the taxonomic and functional structures of the
mycorrhizosphere-associated microbiota changed compared to
the surrounding bulk soil (Viollet et al. 2011, Uroz et al. 2007). In
addition, different bacterial communities can be selected on dif-
ferent fine roots of the same root system depending on the fungal
partner present (Uroz et al. 2012, Marupakula et al. 2017). Notice-
ably, the mycorrhizosphere appeared enriched in bacteria capa-
ble of metabolizing fungal metabolites (i.e. trehalose, Frey-Klett
et al. 2005), hydrolysing chitin (Uroz et al. 2013), affecting fun-
gal development (Deveau et al. 2007), and weathering minerals
(Uroz et al. 2007). All these findings support essential interactions
and signaling between symbiotic fungi and bacterial communi-
ties (Bonfante and Anca 2009, Frey-Klett et al. 2011, Venturi and
Keel 2016, Pratama and van Elsas 2019). However, our knowledge
about the ability of mycorrhizospheric bacteria to produce QS sig-
nal molecules and about the functions that these molecules regu-
late remains limited, as does our understanding of the direct role
of such signals on the plant-symbiotic fungi. AHL-producing bac-
teria have been recovered from spores of Rhizophagus intraradices
(Palla et al. 2018) and different fungiisolated from tree root system
have been reported for their ability to perturb AHL-based commu-
nication (Rasmussen et al. 2005, Uroz and Heinonsalo 2008), sug-
gesting a role of these signal molecules in bacteria—fungi inter-
actions. Culturable representatives of the Sinorhizobium and Col-
limonas coming from the mycorrhizosphere have been reported
for their ability to produce AHLs (Leveau et al. 2010, Song et al.
2015, Palla et al. 2018).

Collimonads belong to the Oxalobacteraceae family, which is well
known for the antifungal activities of its members (Collimonas,
Duganella, and Janthinobacterium; de Boer et al. 2005, Haack et al.
2016). To date, six Collimonas species (C. fungivorans, C. pratensis,
C. arenae, C. anthrihumi, C. silvisoli, and C. humicola) have been
described (de Boer et al. 2004, Hoppener-Ogawa et al. 2008, Lee
2018, Li et al. 2021). Combination of culture-dependent and -
independent analyses revealed that collimonads are relatively
rare in the bulk soil (Lepleux et al. 2012, Uroz et al. 2012, Cretoiu et
al. 2013), but abundantly represented in specific habitats such as
the mycorrhizosphere (Uroz et al. 2012) and mineralosphere (Lep-
leux etal. 2012, Colin et al. 2017). Initially studied due to their abil-
ity to grow at the expense of living fungal hyphae (mycophagy),
collimonads are now also known to hydrolyze chitin (de Boer et
al. 1998, 2001, 2005, Fritsche et al. 2008, Leveau and Preston 2008,
Senechkin et al. 2013, Ballhausen et al. 2016), produce antifungal
metabolites (i.e. collimomycins; Fritsche et al. 2014; carenaemin;
Akum et al. 2021), weather minerals (Uroz et al. 2009 ), and act
as effective biocontrol agents (Kamilova et al. 2007, Doan et al.
2020). The activation of many of these functions in presence of
fungi (Mela et al. 2011, Haack et al. 2016) suggests a specialization

in obtaining nutrients from fungal origin and strong interactions
with the soil mycobiota.

In this study, we identified and characterized the AHL-
dependent QS regulon, the AHL molecules produced as well as
the QS-regulated genes in C. pratensis strain PMB3(1), which is a
model bacterial strain for the study of mineral weathering in the
mycorrhizosphere (Uroz et al. 2014, Picard et al. 2021). To this ex-
tent, we used chromatography, genomic and transcriptomic anal-
yses on strain PMB3(1). We found a strong sequence conservation
of the AHL synthase and transcriptional regulator encoding genes
among different Collimonas species, including strain PMB3(1). Us-
ing targeted and random mutagenesis approaches we confirmed
the role of the luxI and luxR homologues. Through the compari-
son of the wild-type (WT) strain and QS mutants with RNA seq
analyses, we uncovered the complex remodelling of Collimonas
metabolism by AHLs as well as the regulation of various enzy-
matic activities with potential role in adaptation to the mycorrhi-
zosphere.

Material and methods
Bacterial strains, plasmids, and culture media

Bacterial strain PMB3(1) was isolated from the oak/Scleroderma cit-
rinum mycorrhizosphere (Calvaruso et al. 2007). It was chosen for
this study because it is very effective at weathering mineral, hy-
drolyzing chitin, and inhibiting fungal growth. Its genome has
been sequenced (Picard et al. 2020) and presents a good complete-
ness (99.7%) according to a CheckM analysis (Parks et al. 2015).
In addition, a set of other Collimonas strains with different eco-
logical origin and from different species was cultivated in our
study. All the bacterial strains and plasmids used in the present
study are listed in Table 1. Strains of Collimonas and the bionsensor
Chromobacterium violaceum CV026 were grown in low-salt lysogeny
broth (LBm) medium at 25°C and 28°C, respectively; Escherichia
coli strains were cultivated in LB medium at 37°C. The bionsensor
Agrobacterium tumefaciens NTL4 was grown in AB medium (Chilton
et al. 1974) at 28°C. The AB minimal (AB) medium was supple-
mented with mannitol (ABm; 2 g/1 final concentration) as carbon
source. Antibiotics, when required, were added to the media at the
following final concentrations: Tetracycline 10 ng/ml, Kanamycin
100 pg/ml, Gentamycin 20 pg/ml, and Ampicillin 100 pg/ml. X-
Gal (5-bromo-4-chloro-3-indolyl-8-D-galactopyranoside) was in-
cluded in the medium at 40 pg/ml.

Chemicals and solvents

N-acyl-homoserine lactones (AHLs) were obtained from Cayman
Chemical (Ann Arbor, MI, United States), Sigma-Aldrich or were
kindly provided by Professor Paul Williams (University of Not-
tingham, UK). Stock solutions were obtained by dissolving stan-
dards in ethyl acetate, methanol or dichloromethane (C18-AHL)
ata concentration of 1 mg/ml and stored at —80°C. Standard solu-
tions for thin-layer chromatography (TLC) were prepared in ethyl
acetate at the appropriate concentrations. Standard solutions for
ultra performance liquid chromatography—high resolution mass
spectrometry (UHPLC-HRMS/MS) analyses were prepared by di-
luting each individual standard solution with methanol in or-
der to get a concentration range from 2000 to 20 ng/ml. The list
of AHL standards used in UHPLC-HRMS/MS is provided in Table
S1 (Supporting Information). LC-MS grade methanol, acetonitrile,
and formic acid were purchased from Biosolve (Biosolve Chimie
France, Dieuze), analytical-grade ethyl acetate was obtained from
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Table 1. List of bacterial strains, plasmids, and constructions used in this study.
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Strains

Characteristics

Reference

Collimonas pratensis PMB3(1)
Wild-type strain
AcolR

Acoll

Collimonas sp. PML3(
Collimonas sp. PML3(4
Collimonas sp. PML3(
Collimonas sp. PMB2(3
Collimonas pratensis Ter91
Collimonas fungivorans Ter331
Collimonas fungivorans Ter6
Collimonas pratensis Ter291
Collimonas arenae Ter282
Il

Collimonas arenae Ter10

Collimonas arenae Cal35
Collimonas sp. Cal40

Collimonas sp. A41 (K1E3)
Collimonas sp. A65 (K2E1)
Collimonas sp. A133 (M1J3)
Collimonas sp. A140 (M1R1)
Collimonas sp. A206 (RA1BR1)
Collimonas sp. A213 (RAJ3R1)
Collimonas sp. A320 (S5T5)
Escherichia coli

DH5«

S17.1apir

Biosensors

Agrobacterium tumefaciens NTL4(pZLR4)
Chromobacterium violaceum CV026

Plasmids
pOT182

pUC1318::Gm
pK19-mob
pGEM-T easy
PBBR-MCS2
pG_Coll_PMB31

pG_Coll::Gm

pK_Coll::Gm

pG_coll_Ter6

Oak-Scleroderma citrinum mycorrhizosphere
TetR, colR::;pOT182 disruptant
GmR, coll::Gm mutant

Oak-Sc
Oak-Sc
Oak-Sc
Oak-Sc

eroderma citrinum mycorrhizosphere
eroderma citrinum mycorrhizosphere
eroderma citrinum mycorrhizosphere
eroderma citrinum mycorrhizosphere

Coastal dune grassland
Coastal dune grassland
Coastal dune grassland
Coastal dune grassland
Coastal dune grassland
Coastal dune grassland

Forest soil
Forest soil

boreal oligotrophic forest soil/artic tundra
boreal oligotrophic forest soil/artic tundra
boreal oligotrophic forest soil/artic tundra
boreal oligotrophic forest soil/artic tundra
boreal oligotrophic forest soil/artic tundra
boreal oligotrophic forest soil/artic tundra

boreal oligotrophic forest soil/artic tundra

supE44 AlacU169 (980lacZAM15) recAl endAl

hsdR17 thi-1 gyrA96 relAl

TpR SmP recA thi pro hsdRM* integrated RP4:

2-Tc:Mu: Km Tn7 apir

Hydroxy, oxo, and long-chain AHL sensor
strain
Reduced AHL sensor strain

from pSUP102 (GmR®) containing Tn5-OT182
(Tet®)

Amp® GmPR

Km?

Amp®

Km?®

pGEM-T easy with the coll gene of strain
PMB3(1)

pGEM-T easy with the coll gene of strain
PMB3(1) with insertion of a Gm cassette at
the Smal site of coll

pK19-mob with a EcoRI fragment extracted
from pG_Coll::Gm and containing coll::Gm
PGEM-T easy with the coll gene of strain
Ter6

Uroz et al. (2007)

This study
This study

Uroz et al. (2007)
Uroz et al. (2007)
Uroz et al. (2007)
Uroz et al. (2007)

de Boer et al. (1998, 2004)
de Boer et al. (1998, 2004)
de Boer et al. (1998, 2004)
de Boer et al. (1998, 2004)
de Boer et al. (1998, 2004)
de Boer et al. (1998, 2004)

Uroz et al. (2014)
Uroz et al. (2014)

Mannistd and Haggblom
2006)
Mannisté and Haggblom
(2006)
Mannistd and Haggblom
(2006)
Mannisto and Haggblom
(2006)
Mannistd and Haggblom
(2006)
Mannistd and Haggblom
(2006)
Mannistd and Haggblom
(2006)

Lab collection

Lab collection

Luo et al. (2003)

McClean et al. (1997)

Dennis, and Zylstra (1998)
Tichi and Tabita (2002)
Schifer et al. (1994)
Promega
Kovach et al. (1995)
This study

This study

This study

This study
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Table 1. Continued

Strains Characteristics Reference

pG_coll_Ter10 PGEM-T easy with the coll gene of strain This study
Ter10

pG_coll_Ter331 PGEM-T easy with the coll gene of strain This study
Ter331

pG_coll_Ter282 PGEM-T easy with the coll gene of strain This study
Ter282

pG_coll_Ter91 PGEM-T easy with the coll gene of strain This study
Ter91

pG_coll_Ter291 PGEM-T easy with the coll gene of strain This study
Ter291

pG_coll_Cal35 PGEM-T easy with the coll gene of strain This study
Cal35

pB-coll PBBR-MCS2 with a EcoRl/BamHI fragment This study
containing the coll gene

pB-colR PBBR-MCS2 with a EcoRl/BamHI fragment This study

containing the colR gene

Sigma-Aldrich. Pure water was obtained from Elga Purelab Flex
System (Veolia LabWater STI, Antony, France).

Detection and identification of the AHLs
produced

The production of AHL was first evidenced in T streak assays
(Steindler and Venturi 2007) using the C. violaceum CV026 biosen-
sor. The different Collimonas strains, mutants or E. coli strains car-
rying the luxI homologue genes of the Collimonas strains in pGEM-T
easy vector were streaked on LB medium as well as the C. violaceum
CV026 biosensor. The production of violacein was scored after 2
and 4 days of incubation. For the thin layer chromatography (TLC)
analyses, 10 ml of 2-days culture were extracted with equal vol-
ume of ethyl acetate and the extract was evaporated under vac-
uum and reconstituted in 100 pl of ethyl acetate. TLC was then
used to separate and visualize the potential AHLs as described
previously (Shaw et al. 1997). The TLC plates were then overlaid
with the C. violaceum CV026 biosensor mixed with gelosed LB or
with the A. tumefaciens NTL4(pZLR4) biosensor mixed with gelosed
ABm.

For the UHPLC-HRMS/MS analyses, the extraction was done on
50 ml of 2-days culture (Doberva et al. 2017, Romani et al. 2021).
In this case, the mixture of culture supernatant and ethyl acetate
was shaken overnight at room temperature (150 r/m). The two
phases were then separated and the aqueous phase was extracted
once more. The two obtained organic phases were pooled and the
solvent was evaporated under vacuum and reconstituted in 500 pl
LCMS methanol. For the UHPLC-HRMS/MS analyses, a Q-Exactive
Focus Orbitrap System coupled to an Ultimate 3000™ UHPLC sys-
tem (Thermo Fisher Scientific) was used (Rodrigues et al. 2022).
Analyses of extracts and standards (3 ul injected) were performed
in electrospray positive ionization mode in the 50-750 m/z range
in centroid mode. The parameters were as follows: spray voltage:
3 kV; sheath flow rate: 75; aux gas pressure: 20; capillary temper-
ature: 350°C; heater temperature: 430°C. The analysis was con-
ducted in FullMS data dependent MS2 mode (Discovery mode).
Resolution was set to 70 000 in Full MS mode, and the AGC (auto-
matic gain control) target was set to 1 x 10°. In MS2 mode, reso-
lution was 17 500, AGC target was set to 2 x 10°, isolation window
was 0.4 m/z, and normalized collision energy was stepped to 15,
30, and 40 eV. The UHPLC column was a Phenomenex Luna Omega
Polar C18 1.6 um, 150 x 2.1 mm. The column temperature was set

to 42°C, and the flow rate was 0.4 ml/min. The solvent system was
a mixture of water (A) with increasing proportions of acetonitrile
(B), with both solvents modified with 0.1% formic acid. The gra-
dient was as follows: 1% B 3 min before injection, then from 1 to
15 min, a gradient increase of B up to 100% (curve 5), followed by
100% B for 5 min. The flow was injected into the mass spectrom-
eter starting immediately after injection. All data were acquired
and processed using FreeStyle 1.5 software (Thermo Fisher Scien-
tific). Standard solutions of each AHL were used to determine the
limits of detection (LODs) and chromatographic retention times
and to draw external calibration curves for AHL quantification
(Rodrigues et al. 2022).

Tn5-pOT182 mutagenesis

In order to obtain QS mutants the WT strain PMB3(1) of C. pratensis
was mutagenized with plasposon Tn5-pOT182 as described previ-
ously (Deshazer et al. 1997, Dennis et al. 1998), with minor mod-
ifications. The donor strain, E. coli S17-1apir (pOT182), was grown
at 37°C in antibiotic-containing LB broth overnight, and the recip-
ient strain, C. pratensis PMB3(1), was grown at 25°C in ABm liquid
medium for 2 days. On the day of the biparental 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 pl drops). After 5 h of in-
cubation at 25°C, the bacterial lawn of each plate was harvested
using sterile MQ water (5 ml), and 150 pl of this suspension were
plated on tetracycline-containing ABm plates for isolation of the
Tn5 mutants of the strain PMB3(1). A total of 3000 mutants recov-
ered after 5 days incubation at 25°C were organized in 96-well mi-
croplates. To confirm the presence of the plasposon in the genome
of a set of randomly picked mutants, a portion of the plasposon se-
quence was amplified by PCR using pOT-For and pOT-Rev primers
(Table 1).

Screening of the Tn5-pOT182 mutant library and
other constructions

In order to screen the plasposon library for mutants affected in
their ability to produce AHLs, square Petri dishes (120 x 120 mm)
were poured with a mix (1:1) of gelosed LB and overnight liquid
culture of C. violaceum CV026 grown in LB. A volume of 5 pl of lig-
uid ABm liquid culture of each mutant of the library described

202 JoquianoN /0 uo 1sanb Aq 1016299/0010B1Y/ | L/86/2101E/09S WY/ W00 dno-ojwapese//:sdny Wwoly papeojumoq



above was then spotted using a 96-well replicator on these indi-
catorplates. After 3-days culture, the presence/absence of purple
pigment around the mutants was scored. All Tn5-pOT182 colonies
lacking such purple pigment were tested independently a second
time. All validated mutants were then used for molecular analy-
ses and identification of any mutants affected including specifi-
cally Acoll (i.e. AHL synthase) and AcolR (i.e. LuxR-like transcrip-
tional regulator) mutants.

Molecular methods

Total genomic DNA was extracted from the WT strain PMB3(1)
and selected Tn5-pOT182 mutants using the protocol of Pospiech
and Neumann (1995). For the Tn5-OT182 mutants, the flanking
integration regions were identified using the rescue method as
described previously (DeShazer et al. 1997). Briefly, 3 ug of DNA
of each Tn5-0T182 mutant was digested overnight with EcoRI-
HF in 50 upl. After heat inactivation, the digested DNA was lig-
ated overnight in 20 pl and a volume of 10 ul was transformed
into chemically competent E. coli DH5a. The transformants were
recovered on gelosed AB mannitol medium. The resulting plas-
mids were extracted using the Miniprep kit from Qiagen and se-
quenced with the primer pOT-RT at Eurofins MWG Operon (https:
//www.eurofinsgenomics.eu/). All enzymes for restriction diges-
tion and ligation were purchased from New England Biolabs and
were used according to the manufacturers’ instructions. When re-
quired, PCR amplicons were purified using QIAquick PCR purifica-
tion and gel extraction kits from Qiagen. PCR reactions were per-
formed using Taqg polymerase from 5PRIME (Hamburg, Germany).

Construction of a C. pratensis PMB31 mutant
affected in its AHL synthase

Because screening of the Tn5-pOT182 library did not yield mu-
tants impacted in coll, a targeted knockout of this gene was gen-
erated. To do this, a Smal restriction site was introduced in the
AHL synthase encoding coll gene using a suite of three PCRs. The
first PCR was done using the primer pair Coll-sensl: GCCAGT
ACGCTCAGGCAAAG and Coll-RevSmal: TATGGCT(0:underline )
CCCGGG{/0:underline)TCGGCAG. The second PCR was done us-
ing Coll-sensSma2: CTGCCGA(O:underline )CCCGGG(/0:underlin
e)AGCCATA and Coll-rev2 : AGTTGGTCACCCAGCAGGTAT. The
third PCR was used using the primers Coll-sens1 and Coll-rev2
and the two previous PCR products as matrix. The final product
was then extracted on 0.9% agarose gel and cloned in the pGEM-
T-easy vector. The coll gene was then disrupted by insertion of a
gentamicin resistance gene from pUC1318::Gm, cloned as an Smal
fragment at the unique Smal site of the coll gene. The coll::Gm cas-
sette was then cloned in the EcoRI site of the pK19-mob vector.
The resulting construction was transferred in E. coli S17-1 A-pyr
and introduced by biparental conjugation in strain PMB3(1). The
resulting colonies were then screened by PCR to identify double
crossing-over mutants, which were tested for their ability to pro-
duce AHLs using the biosensors.

Complementation of the coll and colR mutant

To generate a construct for coll and colR gene complementation,
primers were designed to be able to generate an EcoRl/BamHI frag-
ment containing the coll gene (TCGTGAAG(0:underline GAATTC
(/0:underline) AGCGATGAAAG and AGGAT(0:underline JGAATCC
(/0:underline)GCCATGTGTC) and an EcoRI/BamHI fragment con-
taining the colR gene (TACGG(O:underline )GAATTC(/O:underlin
e)AGGTATGGTTGAT and ACAGTTGCGC(0:underline }GGATCC{(/0:
underline) GCAATT). After amplification and purification, the re-

Urozetal. | 5

sultant construct was cloned in PGEM-T easy and then excised by
restriction enzyme cleavage and ligated with cleaved pBBR-MCS2
(EcoR1/BamHI). The constructed plasmids were then transferred by
conjugation from E. coli S17-1 Apir to the mutant strains of PMB3(1)
Acoll and AcolR as described above, and then plated on ABm agar
containing kanamycin (100 pg/ml) and tetracycline (10 wg/ml)
or gentamycin (20 pg/ml), respectively for complementation of
the AcolR and Acoll mutants. The ability to produce AHLs of the
Acoll and AcolR mutants and their complemented versions (i.e.
Acoll(pBBR-MCS2+-coll) and AcolR (pBBR-MCS2+colR)) was done
using the same procedure described above as well as a T streak
assay to confirm the results of the first screen.

Gene conservation and related bioinformatic
analyses

The presence of putative AHL synthases (LuxI-like) and transcrip-
tional regulators (LuxR-like) encoding genes was determined by
genome annotation and the use of different luxI and luxR ho-
mologue genes available in the databases, and which function
is already experimentally validated. To study the conservation of
the coll (coding for AHL synthase) and colR (coding for transcrip-
tional regulator) DNA sequence in collimonads, a total of 9 Col-
limonas genomes (Collimonas sp. strain NBRC3740; C. fungivorans
Ter331 and Ter6; C. arenae: Cal35, Ter10, and Ter282; C. pratensis:
Ter91, Ter291, and PMB3(1)) were considered, in addition to seven
genomes from genera taxonomically close to Collimonas: one be-
longing to the Glaciimonas genus (Glaciimonas sp. GS1), one to Janthi-
nobacterium, one to Herbaspirillum (H. rubrisubalbicans), one to Mas-
silia, one to Burkholderia vietnamiensis, and one to Pseudomonas sp.
(Table 1) Pseudomonas aeruginosa strain PAO1 was used as outgroup.
In addition, homologous genes of coll and colR were obtained by
PCR from 12 Collimonas strains. The colR genes were amplified us-
ing the primers colR_sens (ATGGTTGATTGGCAAGAGCAACA) and
colR_rev (CTACAAGATGCCGAGCATGGCCGC), while the coll genes
were amplified using the primers coll_sens (ATGAAAGTCATTTC
CGGGGCCGCCA) and coll_rev (TCAAGCCTCGCTCAGCGCCGATTG
T). A total of 28 LuxI and LuxR protein sequences (including 20
homologues from Collimonas strains) were used to build a phylo-
genetic PhyML tree with Seaview (Gouy et al. 2010). A bootstrap
analysis was based on 1000 replicates. The presence of Pfam do-
mains was analyzed using pfam (El-Gebali et al. 2019).

Bacterial inoculum preparation

For all the functional assays described below, bacterial inocula
were prepared using the same procedure. The bacterial strain
PMB3(1) and its QS mutants (i.e. Acoll and AcolR) were grown from
a —80°C glycerol stock on LB agar medium amended with gen-
tamycin (Acoll mutant) or tetracycline (AcolR mutant) at 25°C for
48 h. A single colony was used to inoculate 50 ml of LB medium
amended as needed with antibiotics and incubated for 48 h, while
shaking (150 r/m) at 25°C. A volume of 10 ml of this culture were
then collected (8000 g, 15 min at 4°C), washed three times in sterile
water and suspended in 5 ml sterile water to obtain a suspension
at ODsgspy (optical density at 595 nm) of 0.95 (ca. 10° cell/ml).

Functional assays

Different assays were performed to determine phenotypic differ-
ences between the WT PMB3(1) strain and its QS mutants. Incu-
bations were done at 25°C for most of the assays described below,
except for the confrontation with the fungus, which was done at
20°C. This temperature is determined by the growth requirements
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of the fungus used and does not affect strain PMB3(1). Each assay
was done with a minimum of three replicates.

Growth was determined on nutrient rich and poor media. The
rich medium used was LB. The nutrient poor medium was mini-
mal AB medium supplemented with a single carbon source (2 g/1).
The carbon substrates tested were: glycerol, glucose, formate, glu-
tamate, lysine, phenylalanine, succinate, and oxalate. The test
was performed with four replicates containing 190 ul of medium
and 10 pl of bacterial inoculum. Increase in optical density was
followed during 120 h at 25°C at 595 nm using a TECAN microre-
ader plate.

The utilization of sole carbon sources by the WT and QS mu-
tant strains was analyzed with Biolog GN2 (Gram-negative) mi-
croplates used according to the manufacturer’s instructions. For-
mazan accumulation in the bacterial cells was measured by de-
termining the optical density at 590 nm, after 24 h incubation at
25°C, with an automatic microplate reader (Bio-Rad; model iMark).

Measurements of enzymatic activity were done accord-
ing to Uroz et al. (2013). Briefly, six substrates based on
4-methylumbelliferone (MU) or 7-amino-4-methylcoumarin
(AMC) were considered: MU-B-D-glucopyranoside (MU-G) for g-
glucosidase (EC 3.2.1.3), MU-B-D-glucuronide hydrate (MU-GU) for
B-glucuronidase (EC 3.2.1.31), MU-g-D-xylopyranoside (MU-X) for
xylosidase (EC 3.2.1.37), MU-B-D-cellobioside (MU-C) for cellobio-
hydrolase (EC 3.2.1.91), MU-N-acetyl-8-D-glucosaminide (MU-
NAG) for N-acetyl-glucosaminidase (or exochitinase; EC3.2.1.14),
and L-leucine-AMC (Leu-AMC) for leucine aminopeptidase
(EC 3.4.11.1) activities. All chemicals were purchased from
Sigma-Aldrich Chemicals (Lyon, France). Stock solutions of
each substrate (10 mM) were prepared in 2-methoxyethanol.
Incubation plates contained 50 wul of incubation buffer (50 mM
sodium acetate, pH = 4.5), 50 ul of bacterial suspension, and
50 ul of substrate per well. For the leucine aminopeptidase
assay, the incubation buffer was Tris HCl (pH 8; 50 mM). After
incubation for 1 h at 25°C, reactions were stopped by adding 50
ul of stopping buffer (Tris 1 M pH 10-11). Measurements were
carried out with the Victor3 (Wallac Perkin-Elmer Life Sciences,
Villebonsur-Yvette, France) with an excitation wavelength of
355 nm and an emission wavelength of 455 nm. Results were
expressed in arbitrary units.

Motility was tested on solid M9 medium (20 mM NH,Cl; 12 mM
Na,HPOy; 22 mM KH,POy4; 8.6 mM NaCl; 1 mM MgSOy4; 1 mM
CaCly,2H,0; 0.2% glucose; and 0.5% casamino acids) and 0.25%
agar, following the recommendation of Turnbull and Whitchurch
(2014). A volume of 1 pl of bacterial inoculum was spotted on the
centre of the agar in the Petri dish and colony diameters scored
after 2 days.

The ability of the bacterial isolates to hydrolyze chitin was
tested on minimal agar medium containing colloidal chitin (per
liter: 5 g NaCl, 1 g KH,POy, 0.1 g yeast extract, 20 g agar, and
2 g colloidal chitin) according to Uroz et al. (2013). A volume of
S5 ul of bacterial inoculum was spotted on the center of the chitin
plates. After incubation at 7 days, the clearing of the initially tur-
bid medium indicated chitin hydrolysis and the halo diameter
formed was measured.

The ability to acidify the medium was tested in minimal
medium amended with glucose (2 g/1) in 96-wells microplate ac-
cording to Colin et al. (2017). After 5 days of incubation, 180 ul
of culture supernatant was transferred to a new microplate con-
taining 20 pl of bromocresol green (1 g/1) per well. The pH of the
culture medium was determined at 595 nm with an automatic mi-
croplate reader (Bio-Rad; model iMark) according to the method of
Uroz et al. (2007).

The ability to solubilize calcium oxalate was determined in AB
medium amended with 4 g calcium oxalate per liter as sole car-
bon source. A volume of 5 ul of bacterial inoculum was spotted
onto the center of the calcium oxalate plates. After incubation for
12 days, the clearing of the initially cloudy medium indicated cal-
cium oxalate solubilization and the halo diameters formed were
measured.

The siderophore activity was performed using the liquid
chrome azurol S (CAS) medium, according to Schwyn and Nei-
lands (1987). Briefly, bacterial strains were grown in AB manni-
tol medium devoid of iron. After 2 days incubation, a volume of
100 pl of culture supernatant was recovered and transferred to
the wells of a new microtiter plate containing 100 ul of liquid CAS
medium. After 1 h of incubation at room temperature in the dark,
the absorbance was measured at 655 nm with a microplate reader
(Bio-Rad, model iMark).

The ectomycorrhizal fungus Laccaria bicolor S238N was used for
the in vitro confrontation assay with strain PMB3(1) according to
Deveau et al. (2007). The fungus was maintained on Pachlewski
agar medium PS5 at 20°C. A plug of L. bicolor S238N was cut out from
the edge of a colony grown on P5 medium (0.5 g Di-NHj, + tartrate,
1gKH,PO4, 0.5 g MgSOy4, 20 g glucose, 5 g maltose, 1 ml 1/10 diluted
Kanieltra microelement solution, 1 ml thiamine 100 mg/1 solution,
and 20 g agar/l at pH 5.5 for 11) and transferred onto the centre of
a P20 plate (0.5 g Di-NH, + tartrate, 1 g KH,POy4, 0.5 g MgSO4, 1 g
glucose, 1 ml 1/10 diluted Kanieltra microelement solution, and
20 gagaratpH 5.5 for 1L). A total of four 5-ul droplets of bacterial
inoculum of each strain were distributed at 1.5 cm from the centre
of the fungal plug of mycelium. After 15 days incubation at 20°C,
colony diameter was measured and hyphal aspect and presence of
bacteria on the hyphae were determined using an Olympus BX41
microscope (40x and 100x).

The effects of different treatments were assessed in R software.
Data shown were means of three or four replicates. Differences
between sample’s means were analyzed by analysis of variance
(one way ANOVA, P < .05, followed by a Tukey test).

RNAseq analyses

For each condition treatment (i.e. WT, Acoll and AcolR mutants),
four flasks (i.e. replicate) were prepared. This experimental design
allowed for a comparison of the transcriptomes of the WT, Acoll,
and AcolR mutant strains. Capped Erlenmeyer flasks (100 ml) were
filled with 49.5 ml of sterile LB medium, buffered at pH 6.5 by ad-
dition of 100 mM KH,PO4/K,HPO, to avoid spontaneous hydrol-
ysis of AHLs (Uroz et al. 2003). To each flask, 500 ul of bacterial
inoculum was added, giving a total volume of 50 ml. Flasks were
incubated at 25°C with agitation at 140 r/m in an orbital shaker
(INFORS/Minitron). Preliminary experiments done under solid and
liquid conditions showed that the WT, the Acoll and AcolR mu-
tant strains grew equally well in LB medium and that 48 h corre-
sponded to a stage of development at which the cell density was
the same for all three strains and at which AHL production was
clearly detected for the WT strain.

Based on this, 10 ml of culture was recovered from each flask
(four replicates per treatment) after 48 h of incubation, and cen-
trifuged at 8000 g (15 min; 4°C) to pellet the bacterial cells. Su-
pernatants were removed and cells were frozen in liquid ni-
trogen and stored at —80°C. Total RNA was purified from each
replicate (i.e. 12 samples in total) using the RiboPure™ kit (Am-
bion, Austin, USA) following the manufacturer’'s recommenda-
tions, then treated twice with DNAse I (Ambion), precipitated with
ethanol, and resuspended in RNAse-free water. The concentration
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Table 2. UHPLC-MS/MS quantification of AHLs produced by representative Collimonas strains. (A) Data are expressed in ng/ml or (B)
expressed in % as the relative abundance of each AHL detected for each strain. The quantities and relative abundances of OH-forms of

the AHLs are presented in bold.

A.

Quantity (ng/ml) A41 CAL40 PMB_2_3 PMB_3_1 PML_3_2 TER_10 TER_6 TER_91 TER_331
C6-HSL 0.80 2.13 1.20 5.40 4.47 0.00 3.37 5.85 4.15
C6-OH-HSL 0.99 6.66 3.07 19.32 15.90 0.00 15.97 14.10 11.23
C8-HSL 0.22 1.79 0.65 1.96 1.35 0.00 2.93 1.64 2.82
C8-OH-HSL 0.00 14.04 0.00 16.20 13.19 0.00 25.22 14.73 20.83
C10-OH-HSL 0.19 6.66 0.62 1.73 1.39 0.59 11.45 1.70 9.77
C10-oxo-HSL 0.00 0.10 0.00 0.00 0.00 0.03 0.19 0.00 0.39
C12-OH-HSL 0.00 0.52 0.10 0.49 0.00 1.43 0.84 0.47 0.00
C12-oxo-HSL 0.00 0.00 0.00 0.00 0.00 0.72 0.08 0.00 0.10
B.

Relative abundance (%) A4l CAL40 PMB_2_3 PMB_3_1 PML_3_2 TER_10 TER_6 TER_91 TER_331
C6-HSL 36.2 6.7 21.2 12.0 12.3 0.0 5.6 15.2 8.4
C6-OH-HSL 45.0 20.9 54.5 42.9 43.8 0.0 26.6 36.6 22.8
C8-HSL 10.1 5.6 11.6 4.3 3.7 0.0 4.9 4.2 5.7
C8-OH-HSL 0.0 44.0 0.0 35.9 36.3 0.0 42.0 38.3 42.3
C10-OH-HSL 8.7 20.9 11.0 3.8 3.8 21.4 19.1 4.4 19.8
C10-oxo-HSL 0.0 0.3 0.0 0.0 0.0 1.2 0.3 0.0 0.8
C12-OH-HSL 0.0 1.6 1.7 1.1 0.0 51.5 1.4 1.2 0.0
C12-oxo-HSL 0.0 0.0 0.0 0.0 0.0 25.9 0.1 0.0 0.2

and quality of the extracted RNA were assessed using a Nanodrop
2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA),
a Qubit® RNA Assay Kit in a Qubit® 2.0 Fluorometer (Life Tech-
nologies, CA, USA), and TapeStation analyses. The RNA integrity
number value was 9.0 on average. RNA preparations were sent to
GENEWIZ which operated the rRNA depletion using the Ribo-Zero
rRNA removal kit for bacteria, performed the stranded RNA library
preparation and sequenced the cDNA on their [llumina HiSeq2500
platform using a 2 x 150bp paired-end (PE) configuration in High
Output mode (V4chemistry). This sequencing generated a total of
more than 295 million reads ranging from 25 to 31 million per
sample.

RNAseq reads were mapped to the coding sequences (CDS) of
the genome of strain PMB3(1) through the MICROSCOPE (Vallenet
etal. 2019) annotation platform using the BWA (version 0.7.4-r385;
Liand Durbin 2009). The DESeq2 package (Anders and Huber 2010,
Love et al. 2014) was used to calculate differential gene expression
abundance between the different treatments. A normalization of
read numbers for replicates in each treatment was performed
(by estimates of size factors in DESeq2 and normalization), then
differential expression values (FoldChange) and statistical values
(pVal and adjusted pVal through the Benjamini and Hochberg’s
approaches) assessing the false discovery rate (FDR) were calcu-
lated. All genes having an adjusted P-value less than to .05, a base
mean score > 150 a cut-off for absolute fold change >0.9 were
considered as significantly differentially expressed. The genes dif-
ferentially expressed were sorted according to the genome se-
quence of strain PMB3(1) (WXXL00000000) and raw data statis-
tics are accessible on the SRA platform (PRJNA787782). In addi-
tion, treatment comparison was performed using the Mixomics R
package (Gonzalez et al. 2012, Rohart et al. 2017). To do this, the
full raw dataset was first normalized to identify the genes that
were present above a threshold of 100 in the RNAseq dataset in
one of the treatments considered. A Partial Least Squares (PLS)
regression was first done to integrate the RNAseq matrix of the
WT vs. AQS mutants to generate a global view. PLS is a robust
multivariate projection-based method used to explore or explain
the relationship between two continuous datasets. To allow in-

terpretability a Sparse Partial Least Squares regression (sPLS) was
then performed as it permits to perform simultaneous variable
selection. The distribution of the different genes considered was
then visualized in a correlation circle plot permitting to evidence
treatment specific genes. The list of genes was then compared to
the outputs of the DESeq?2 analysis.

Results

Identification of AHLs produced by C. pratensis
PMB3(1) and other collimonads

Except for strains Ter10 and Ter282, all of the tested Collimonas
strains (Table 1; Figure S2, Supporting Information) triggered vi-
olacein production in a streak assay with the biosensor C. vio-
laceum CV026. Concentrated extracts recovered from cultures of
Ter282 and Ter10 produced a positive signal with strain Ter282,
but not with Ter10. TLC analyses revealed similar patterns for all
strains that scored positive in the streak assay, but with variation
in the intensity of the spots detected. A comparison with stan-
dards identified these two compounds as 30HC6-HSL (detected
with both types of biosensor) and 30HC8-HSL (only detected
by Agrobacterium; data not shown). The UHPLC-MS/MS analyses
done on strain PMB3(1) and a subset of Collimonas strains [i.e.
A41, Cal40, and PMB2(3), PML3(2), Ter10, Ter6, Ter91, and Ter331]
provided qualitative and quantitative information on the AHLs
produced. This approach revealed the presence of AHLs in each
strain, but in very low quantities in strains Ter10 and A41 (i.e. be-
low 1 ng/ml; Table 2). Consistent with the TLC results, 30HC6-
HSL and/or 30HC8-HSL were the two main molecules, followed
by 30HC10-HSL (Figure S1, Supporting Information). These three
AHLs represented in relative abundance of AHLs detected be-
tween 45% and 80% of the total. Concentrations of 19.3 ng/ml
for 30HC6-HSL and 16.2 ng/ml 30HC8-HSL were determined
for strain PMB3(1). Unsaturated forms of (C6, C8, and C10-HSL)
were also detected, but at lower concentrations than their re-
lated OH form. The single exception was strain Ter10 for which
only low quantities of 30HC10-HSL (0.5 ng/ml) and 30HC12-HSL
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(1.4 ng/ml) were detected as well as their corresponding oxo
forms.

Identification of the region involved in AHL
production in C. pratensis PMB3(1)

As strain PMB3(1) was positive for the production of AHLs, its
genome was used to identify the putative AHL synthases and
QS-related LuxR regulators using several characterized Luxl/LuxR
from the databases. This analysis allowed us to identify a single
luxI-luxR gene pair, with the gene coll encoding a putative AHL
synthase gene and the gene colR encoding a putative QS-related
LuxR regulator in its close vicinity (Figure S2, Supporting Infor-
mation). We also identified six proteins with a LuxR-like domain
(HTH), but with low identity with known LuxR proteins. The open
reading frames of both coll and colR showed upstream sequences
with reasonable matches to a consensus ribosome binding site
(RBS) sequences and —10 and —35 promoter elements. Within the
intergenic region of 212 bp that separated the coll and colR open
reading frames, we found a palindromic sequence of 28 nt (Figure
S2A, Supporting Information) representing the typical character-
istics of a lux box and a putative binding site for the ColR protein.

Sequence analysis of the coll gene predicted a protein of 225
amino acids in length. Blast analyses revealed high homology
of this protein with putative AHL synthases or acyl-CoA N-acyl
transferases belonging to collimonads and related genera. Amino
acid sequence identity ranged from 72% to 100% with other Col-
limonas strains, but was only 66% or even lower with Glaciimonas
immobilis (WP_168057061.1), Massilia sp. (WP_112936725.1), and
Janthinobacterium lvidum (WP_139090813.1). Sequence analysis of
the colR gene predicted a protein product with a length of 237
aa. A pfam analysis revealed the presence of two domains, an
autoinducer domain and a LuxR domain. Amino acid sequence
identity of the colR gene product with other collimonads ranged
from 78% with Terl0 to 100% with the other strains, but de-
creased to 64% or lower with Glaciimonas (WP_153234475.1) or
Massilia (WP_169468232.1) or Janthinobacterium (WP_099414465.1).
All other luxR-like homologues found in strain PMB3(1) lack a sig-
nificant autoinducer domain, suggesting that they are not bona
fide coding for a LuxR regulator.

The predicted function of the coll gene of strain PMB3(1) was
confirmed by showing that a Acoll knockout mutant did not pro-
duce any AHLs in both streak assay (Figure S2B, Supporting In-
formation) and TLC analysis done on concentrated extracts. For a
AcolR knockout mutant, AHL production was just above the limit
of detection in the first 24 h, whereas no AHL accumulation was
observed after 2 days or longer incubation period. For both mu-
tants, the ability to produce AHLs was restored after complemen-
tation with plasmids carrying the coll or colR gene, respectively
(data not shown).

Conservation of coll and colR among collimonads

Homologous LuxI AHL synthase and LuxR-like transcriptional
regulator protein sequences were identified through the analy-
sis of a set of Collimonas genomes available in the databases or
through a PCR/sequencing approach. All the Collimonas tested in
our study harboured a single pair of coll and colR homologues in
their genome as the strain PMB3(1). The relatedness of the Coll
and ColR proteins between collimonads was confirmed by the
construction of phylogenetic trees (Fig. 1A and B). From these
trees, we conclude that the Coll and ColR trees phylogenies were
congruent with the phylogenetic affiliation (i.e. C. arenae, C. fun-
givorans, and C. pratensis). A single exception was observed for

strain TerlO that harboured an atypical ColR-like protein se-
quence of only 47 aa. Noticeably, all the genes encoding putative
AHL synthases cloned in pGEM-T conferred to E. coli the ability to
activate the biosensor CV026, including the AHL synthase from
strain Ter10 (data not shown).

Functional assays done on C. pratensis PMB3(1)

A set of functional assays done on the WT strain and its Acoll and
AcolR mutants provides information on how QS affects the phys-
iology and metabolism of strain PMB3(1) (Fig. 2)

Growth curves were compared to determine whether the WT
and the mutant strains differed. On nutrient rich media, the two
mutants tended to grow better than the WT strain (Fig. 2A). In con-
trast, under nutrient-poor conditions, significant differences were
observed between WT and mutants in terms of yield. Noticeably,
while the mutants reached higher cell densities than WT in pres-
ence of glucose (Fig. 2B), a significantly higher acidification activ-
ity was observed for the WT strain (pHwr: 4 & 0.04 vs. pHalyx: 4.7
+ 0.04 and pHujur: 4.4 + 0.12; P < .05; Fig. 2C). In presence of
formate as the sole carbon source, the WT strain was not able
to grow, while the mutants presented a weak but significantly
higher growth (Fig. 2D). No differences were observed for the other
carbon sources tested as sole carbon source (i.e. glycerol, gluta-
mate, lysine, phenylalanine, and succinate) and no growth was
observed for either WT or mutants with oxalate in liquid con-
dition. The GN2 BIOLOG assay revealed significant differences
between the WT and mutant strains, with y-Hydroxybutyric
acid, -Glutamic acid, -Serine, Xylitol, and -Galactose signifi-
cantly more metabolized by the WT strain (Figure S3, Supporting
Information).

Other functional assays revealed that the QS mutants were
strongly impaired in their motility compared to the WT strain (Fig.
2E) and presented a significantly higher leucine aminopeptidase
activity than the WT strain (P < .05; Fig. 2F). No significant dif-
ferences were observed for the solubilization of calcium oxalate
and inorganic phosphorus on solid media, although the mutants
looked slightly more effective in both assays. Noticeably, while no
growth was observed on the oxalate growth assay in liquid cul-
ture (presented above), a halo was formed on solid medium. No
difference was observed between the different strains concerning
the ability to mobilize iron, to hydrolyze chitin as well as in the
ability to inhibit the growth of L. bicolor (Table S2 and Figure S4,
Supporting Information).

Transcriptome statistics and overview of the
variations in the COGs

After 48 h incubation in liquid LB medium (buffered at pH 6.5),
transcriptome profiling was conducted by RNA-Seq to identify the
differentially expressed genes (DEGs) in strain PMB3(1) in a QS-
dependent way by comparison of the WT strain to the Acoll and
AcolR mutants. After barcode removal and quality control, the
number of reads retained varied from 23 to 31 million per repli-
cate, giving a total of 96 Gb of 150 bp PE sequence data. Between
61.32% and 90% of reads mapped at least once on the genome of C.
pratensis PMB3(1). After the removal of the unmapped sequences
and of the remaining rRNA sequences, between 50% and 87% of
the total number of reads were retained per sample. A total of
1112 and 814 DEG with a significant adjusted P-value were de-
tected in Acoll/WT and AcolR/WT treatment comparisons (corre-
sponding to 20.3% and 14.8% of the genes of strain PMB3(1)), re-
spectively. When a cut-off for absolute fold change > 0.9 (log2FC)
was applied, the number of DEGs was 220 and 153 in the Acoll/WT
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Figure 1. Phylogenetic tree analyses. (A) Autoinducer synthase from strain PMB3(1) and other Collimonas species. (B) Transcriptional regulator from
strain PMB3(1) and other Collimonas species. The numbers at the node show the bootstrap values as a percentage of 1000 bootstrap replications.

202 J9qWISAON £0 U0 1sNB Aq L016299/00LOBI/| |/86/9101LE/09SW}/WO09"dNO"D1WSPEDE//:SA)Y WO} PAPEOjUMOQ



10 | FEMS Microbiology Ecology, 2022, Vol. 98, No. 11

PMB2(3) 0.2

91
TERO91 (C. pratensis)

PML3(8)

PML3(2)

S

90 | TER291 (C. pratensis)

PMB3(1)(C. pratensis)

%l A65

A206
Bls
A213

A41
1100}

A320

— CAL35

CALA40

96
A140

{ PML3(4)

TER331 (C. fungivorans)

98

78|' TERG (C. fungivorans)

L A133

‘FTERIO (C. arenae)
TER282 (C. arenae)

84

LuxR-like (Massilia sp.)

LuxR-like (Burkholderia vietnamiensis)

LuxR-like (Herbaspirillum sp.)

100

RhIR (Pseudomonas aeruginosa)

PhzR (Pseudomonas aureofaciens)

LuxR-like (Janthinobacterium sp.)

100

LasR (Pseudomonas aeruginosa)

Figure 1. Continued.

and AcolR/WT treatment comparisons (corresponding to 4% and
2.8% of the genes of strain PMB3(1)), respectively. Noticeably, all
the genes found as significantly regulated in one treatment com-
parison were also found in the other, but with a log2change value
sometime lower than 0.9 (absolute value). Genes that were dif-

ferentially regulated (log2FC > 0.9 absolute value) and found in
both RNAseq datasets (Acoll/WT and AcolR/WT) are presented
in Table 3. Applying these criteria to the Acoll/AcolR treatment
comparison revealed that the two expression profiles of the Acoll
and AcolR mutants were very similar. Only four DEGs with low
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Figure 2. Functional assays. (A) Growth in rich medium (OD600nm); (B) growth in nutrient-poor medium with glucose as sole C source (OD600nm); (C)
acidification assay (presenting solution pH); (D) growth in nutrient-poor medium with formate as sole C source (OD600nm); (E) motility assay, and (F)
leucin aminopeptidase assay. For each bioassay, the colour code is presented as follows: white, WT; black, Aluxl, and Grey, AluxR. Treatments with
different letters indicate significant difference according a one-factor ANOVA (P < .05).

sequence coverage and poorly or uncharacterized functions dif-
fered.

The comparison of the different treatments through a sPLS
(MIxOMICs) confirmed the DESeq?2 analysis showing that the Acoll
and AcolR mutants clustered together. The MIxOMICs analysis
also strongly highlighted how the QS mutants differed from the

WT strain (Fig. 3). The strong relationship between the DEGs ob-
tained in each treatment comparison (i.e. Acoll/WT vs. AcolR/ WT)
was also evidenced through a linear regression analysis (y = 1.1x-
0.24; P < .0001; R? = 0.85; Fig. 4). Such correlation evidenced that
the down- and up-regulated genes followed the same trend in the
two treatment comparisons (i.e. (Acoll/WT and AcolR/WT).
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Table 3. Genes shared between the RNAseq treatment comparisons (i.e. Aluxl/WT vs. AluxR/WT). For legibility, only the genes presenting
a log2fold change > 0.9 (absolute value) in one of both analysis methods are presented. The normalized number of reads per comparison
is presented. The NCBI gene Id is presented for each gene. The grey zone in the table allows to differentiate up- and down-regulated
genes.

Comparison WT vs. AluxI Comparison WT vs. AluxR

Gene_ID Product Log2FC ALuxI WT log2FC AluxR WT

NKI71559.1 Phenylalanine-4-hydroxylase —-3.11 25655 2963 —2.88 24412 3321

NKI69684.1 Conserved protein of unknown function —2.96 6631 855 —2.74 6407 959

NK171429.1 Ornithine aminotransferase —2.89 5179 697 —2.90 5816 781

NKI72184.1 Flp/Fap pilin-like protein —-2.74 1344 202 —3.03 1845 226

NK168220.1 Saccharopine Dehydrogenase/Lysine —2.46 9616 1749 -237 10134 1961
6-dehydrogenase

NKI169683.1 Putative alpha-1,3-mannosyltransferase —241 1520 287 —2.46 1771 322
MNN12

NK171428.1 Putative N-Dimethyline —238 2982 572 -2.38 3346 642
dimethylaminohydrolase

NKI172183.1 Transcriptional regulator, MerR family —228 305 63 —2.58 421 71

NKI71944.1 Conserved protein of unknown function —2.26 1958 408 —2.24 2158 458

NKI71945.1 Putative oxidoreductase protein —2.13 3018 688 —2.02 3125 771

NKI72395.1 Transporter —2.10 1578 367 —3.04 3373 411

NKI70105.1 Porin, Gram-negative type —-1.97 21367 5466 =244 33217 6127

NKI68292.1 Conserved protein of unknown function —1.90 594 160 —1.64 560 179

NKI67908.1 Formate dehydrogenase-O, cytochrome b556 —1.87 207 56 —2.77 429 63
subunit

NKI70782.1 Fused DNA-binding transcriptional —1.87 664 182 —257 1211 204
regulator

NKI71006.1 Conserved hypothetical protein —1.85 2033 562 —1.90 2360 630

NKI67909.1 Formate dehydrogenase-O, Fe-S subunit —1.84 561 156 —-271 1148 175

NKI170108.1 Glucose-6-phosphate dehydrogenase -1.75 1742 518 -237 2998 581

NKI170143.1 -proline glycine betaine binding ABC —1.67 1022 322 -191 1351 361
transporter protein proX

NK172388.1 Putative Chitooligosaccharide deacetylase —1.67 1450 457 -2.35 2608 513
uricase

NKI71007.1 Conserved protein of unknown function —1.64 1679 539 —1.88 2227 604

NKI68260.1 Diaminopimelate decarboxylase, —1.63 479 155 -1.11 374 174
PLP-binding

NKI69958.1 5-Methyltetrahydropteroyltriglutamate- —-1.62 27344 8904 -1.68 31950 9981
homocysteine
S-methyltransferase

NKI70144.1 Choline-sulfatase —-1.57 1378 465 —1.82 1844 521

NKI71254.1 Protein of unknown function —1.55 264 91 —1.94 391 102

NKI70107.1 Putative Bifunctional protein glk [Includes: —1.49 1380 491 —2.03 2242 550
Glucokinase

NKI70162.1 Putative sugar transport protein —1.47 1074 389 —-1.29 1063 436

NKI169951.1 Putative Permease, multidrug-efflux —1.45 520 191 —1.76 723 214
transporter

NKI70796.1 Glucose/Gluconate/Sorbitol —1.44 414 152 —2.20 782 171
2-dehydrogenase cytochrome subunit

NKI71935.1 Putative Pilus biogenesis protein tapA /pilA — 144 26116 9609 — 1042 28728 10768
or pilD

NKI71947.1 Histidine ammonia-lyase (fragment) —1.42 216 81 —2.26 433 90

NKI72821.1 Aldehyde dehydrogenase B —1.42 18336 6877 —-1.23 18 029 7710

NKI67910.1 Formate dehydrogenase-O major subunit —1.37 1865 720 —2.10 3473 808
(fragment)

NKI72389.1 Porin —-1.36 4033 1577 —-1.78 6052 1767

NKI71688.1 Type IV pilus biogenesis protein PilM —1.35 486 192 —1.34 544 215

NKI68126.1 Conserved membrane protein of unknown —1.34 260 102 —1.64 359 115
function

NKI172206.1 Protein of unknown function -133 416 165 —2.59 1117 185

NKI69905.1 5-hydroxyisourate hydrolase —1.32 1334 535 —2.08 2541 600

NKI70229.1 Fimbrial chaperone protein —1.32 486 195 —1.85 791 219

NK172387.1 Conserved protein of unknown function —-1.32 2672 1073 -2.20 5514 1203

NKI72393.1 Conserved membrane protein of unknown —1.30 1301 529 —2.20 2725 593

function
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Table 3. Continued

Comparison WT vs. AluxI Comparison WT vs. AluxR
Gene_ID Product Log2FC ALuxI WT log2FC AluxR WT
NKI69367.1 Catalase —1.28 299 123 —1.42 370 138
NKI68462.1 Phosphopantetheine-binding -1.27 269 111 —2.30 614 125
NKI69613.1 Conserved protein of unknown function —1.25 8626 3619 —1.50 11462 4057
NKI69906.1 Fimbrial subunit —-1.25 3419 1440 —1.88 5955 1615
NKI68169.1 Conserved protein of unknown function —-1.23 419 179 —1.34 509 201
NKI72540.1 Conserved protein of unknown function -1.22 457 197 —2.43 1187 220
NKI68263.1 Protein of unknown function -1.19 4596 2015 —-161 6876 2259
NKI70980.1 8-oxoguanine deaminase -1.18 1448 639 -1.86 2600 716
NKI72397.1 DNA-binding domain-containing protein, —1.18 1615 712 —1.55 2334 798
AraC-type
NKI72396.1 N-carbamoyl-L-amino-acid hydrolase -1.17 1967 872 —1.94 3745 978
NKI69446.1 Oxalyl-CoA oxalate decarboxylase -1.15 843 380 —2.40 2246 426
NKI70073.1 Conserved protein of unknown function —-1.14 736 335 —2.44 2039 376
NKI71871.1 Conserved protein of unknown function -1.13 284 129 —204 598 145
NKI71331.1 Type 1V pilus biogenesis protein PilO -1.12 325 151 —-1.13 368 169
NKI71690.1 D-amino acid dehydrogenase, small subunit -1.12 1803 832 —1.31 2309 932
can act on leucine
NKI68168.1 Oxidative demethylase -1.10 411 192 -1.21 498 215
NKI69705.1 Conserved exported protein of unknown —1.09 546 256 —1.48 799 287
function
NKI70797.1 Glutaminase/Asparaginase —1.09 2485 1168 —1.49 3687 1310
NKI71691.1 Type IV pilus biogenesis protein PilP —1.08 301 142 —-1.20 368 160
NKI68680.1 Periplasmic binding protein TonB —1.07 1464 701 —1.36 2018 786
NKI69257.1 Putative sugar transporter subunit (ABC —1.05 481 233 -1.11 562 261
transporter)
NKI71509.1 6,7-dimethyl-8-ribityllumazine synthase 2 —-1.04 393 192 -1.10 461 215
NKI72575.1 Putative transporter —1.04 219 106 —-1.74 398 119
NKI68064.1 Putative acetyltransferase —1.00 477 239 —1.53 775 268
NKI68064.1 Protein of unknown function —1.00 204 103 —1.65 362 115
NKI68264.1 Protein of unknown function —1.00 204 103 —1.65 362 115
NKI68166.1 Fused DNA-binding transcriptional dual -0.99 568 286 -1.25 762 320
regulator
NKI69483.1 Conserved exported protein of unknown —0.98 2231 1129 —-1.14 2786 1267
function
NKI70908.1 Transcriptional regulator -0.98 1909 970 —1.47 3019 1087
NKI70540.1 Oxidoreductase (Flavoprotein) —-0.96 1541 794 —1.53 2577 891
NKI70781.1 Alkyl hydroperoxide reductase, C22 subunit —0.94 12584 6555 —1.09 15629 7349
(detoxification of hydroperoxides)
NKI71597.1 Succinate-semialdehyde dehydrogenase I, -0.93 1497 786 —1.47 2438 881
NADP-dependent
NKI171934.1 Putative Fimbrial assembly protein, —0.93 366 194 —141 572 217
serogroup E1
NKI71936.1 Conserved protein of unknown function -0.91 914 487 —1.02 1108 546
NKI68315.1 Succinyl-CoA synthetase, beta subunit 0.90 8255 15411 1.19 7566 17282
NKI71939.1 Threonine efflux protein 0.90 1785 3338 0.96 1929 3743
NKI68341.1 Ferrichrome-iron receptor 0.92 4531 8544 1.26 3991 9578
NKI69091.1 Multidrug efflux system protein 0.93 519 988 0.94 579 1108
NKI68080.1 Protein PecM 0.96 331 642 1.20 314 720
NKI68080.1 Major capsid protein 0.96 272 531 0.97 304 595
NKI68725.1 Major capsid protein 0.96 272 531 0.97 304 595
NKI70599.1 Periplasmic serine endoprotease DegP-like 0.97 1146 2234 1.14 1139 2505
NKI69918.1 Molybdenum ABC-transporter 0.98 456 897 1.08 475 1005
NKI69023.1 Acetohydroxy acid 1.02 10 083 20439 1.12 10572 22916
isomeroreductase/2-dehydropantoate
2-reductase
NKI70380.1 Molecular chaperone HSP90 family 1.02 9364 19039 1.08 10132 21346
NKI69695.1 2-oxoglutarate decarboxylase, 1.03 23273 47 344 1.12 24412 53083
thiamin-requiring
NKI70541.1 Lead, cadmium, zinc, and mercury 1.04 1257 2579 1.03 1416 2892

transporting ATPase
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Table 3. Continued

Comparison WT vs. AluxI Comparison WT vs. AluxR

Gene_ID Product Log2FC ALuxI WT log2FC AluxR WT
NKI71957.1 Conserved protein of unknown function 1.05 20270 42052 1.28 19387 47 156
NKI69924.1 ABC transporter, ATP-binding protein 1.07 2935 6156 1.11 3193 6903
NKI69973.1 conserved protein of unknown function 1.08 5595 11796 1.29 5395 13221
NK170816.1 Cold-shock DNA-binding domain protein 1.10 889 1908 1.01 1061 2140
NKI69694.1 dihydrolipoyltranssuccinase 1.12 16 620 36153 1.15 18216 40537
NKI169460.1 Sugar transferase 1.14 161 355 0.95 205 398
NKI69923.1 NADP-specific glutamate dehydrogenase 1.16 3972 8892 1.16 4472 9970
NKI71381.1 Conserved protein of unknown function 1.17 7475 16 841 1.14 8576 18 883
NKI71885.1 Putative lactam utilization protein, UPF0271 1.17 976 2201 1.17 1095 2468
family
NKI72719.1 chaperone Hsp60, peptide-dependent 1.19 34707 78 996 1.34 34942 88574
ATPase, heat shock protein
NKI69060.1 Negative regulator of PhoR/PhoB 1.26 240 575 1.31 260 645
two-component regulator
NKI68500.1 Conserved exported protein of unknown 1.29 1217 2980 1.24 1411 3342
function
NKI69940.1 Putative Isocitrate lyase/ malate synthase 1.33 9194 23120 1.39 9922 25927
NK171377.1 Pyrrolidone-carboxylate peptidase 1.36 386 989 1.21 478 1109
NKI69057.1 Phosphate transporter subunit 1.37 199 514 1.47 207 576
NKI71380.1 Conserved protein of unknown function 1.39 455 1191 1.35 525 1336
NKI69056.1 Protein YdeP 1.45 964 2626 1.69 910 2944
NKI71849.1 Phosphate transporter subunit 1.45 718 1964 1.80 634 2202
NKI71848.1 Conserved protein of unknown function 1.49 233 654 1.78 213 733
NKI69058.1 Conserved protein of unknown function 1.53 422 1216 1.37 527 1364
NKI71378.1 Phosphate transporter subunit 1.53 207 597 1.83 188 670
NKI68213.1 ThiJ/Pfpl family protein 1.56 272 800 1.88 243 897
NKI69810.1 Membrane-associated Zn-dependent 1.56 10 643 31439 1.48 12 648 35254
endopeptidase
NKI169922.1 4-hydroxyphenylpyruvate dioxygenase 1.59 3130 9444 1.58 3545 10590
NKI169059.1 Phosphate transporter subunit 1.60 247 748 1.66 266 839
NKI71379.1 Putative membrane protein 1.60 682 2063 1.38 889 2313
NKI68856.1 Magnesium transporter 1.93 197 746 1.98 212 837
NKI68380.1 Conserved protein of unknown function 2.01 5326 21421 1.67 7559 24016
NKI72377.1 Extracellular protease 2.32 480 2398 2.09 632 2688
NKI68381.1 Modulator of FtsH protease YccA 2.37 4254 21930 2.06 5906 24589
NKI169241.1 Lytic polysaccharide monooxygenase/ 3.44 83 902 3.25 106 1011

GlcNAc-binding protein A (fragment)

The assignment of DEGs of C. pratensis PMB3(1) into the
clusters of orthologous groups (COG) categories revealed that
the DEGs were mostly assigned to amino acid transport and
metabolism (category E; Acoll/WT: 16.5% vs. AcolR/WT: 14%), inor-
ganic ion transport and metabolism (category P; Acoll/WT: 11.4%
vs. AcolR/WT: 7.5%), and Energy production and conversion (cat-
egory C; 8.9% for each comparison). For most of these cate-
gories, the QS-mutants (Acoll and AcolR) presented higher percent-
ages of up regulated COG genes than the WT, except for post-
translational modification, protein turnover, chaperones (category
0; 0.6%-0.9% up vs. 3.7%-3.8% down).

Transcriptional changes linked to the mutation
of coll and colR as compared to the WT strain

A focus on the expression of coll or colR in the QS-mutants revealed
that in the AcolR mutant the expression of coll was suppressed
compared to the WT strain (NKI69496.1; log2FC:-2.6), suggesting
that coll expression is under the positive control of colR. In the Acoll
mutant, the expression of colR appeared increased in comparison
to the WT strain (NKI69495.1; 1og2FC:0.95).

Because the Acoll/WT and AcolR/WT treatment comparisons
showed the same trends for DEGs (i.e. linear regression analy-

sis presented above), the Acoll and AcolR data were pooled and
termed QS-mutants. A comparison between the WT strain and
the QS-mutants is presented below. For legibility reasons, up-
and down-regulated gene expressions in the QS-mutants are pre-
sented separately. Some of these genes code for the synthesis
of putative metabolites by strain PMB3(1), as predicted by Anti-
SMASH.

Down-regulated gene expression in QS-mutants

Several genes related to phosphate access, amino acid degra-
dation and other proteolytic activities appeared down-regulated
in the QS-mutants. Genes encoding homologues of the phos-
phate (pho) regulon showed lower expression levels in the QS-
mutants than in the WT strain. The genes pstA, B, C, and S
(NKI69056.1-NKI169059.1), which are involved in phosphate spe-
cific transport (pst) presented a log2C of —1.37 to —1.60. The gene
phoU (NK169060.1) presented a log2C: —1.26. PhoU is a regulatory
protein thatinteracts with PstB and PhoB to regulate the import of
inorganic phosphorus (Pi) through the Pst system. It plays a cru-
cial role in the regulation of P homeostasis.

Several other enzymes or transporters were downregulated
in the QS mutants, e.g. the gene NKI69241.1 (log2C: —3.44),
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Figure 3. Multivariate analyses the transcriptomic data. Visualization of sPLS

sample projection plots according to (A) AluxR/WT RNAseq data, (B)

AluxI/WT RNAseq data, and (C) combined (RNAseq of the two mutants /WT) data (C). In each panel (A), (B), and (C), the colour code is: WT, red;
mutant, blue. Confidence ellipses for each treatment are plotted to highlight the strength of the discrimination (confidence level set to 95%).

which encodes a lytic polysaccharide monooxygenase that pos-
sesses a GIcNAc-binding domain allowing binding to proteins and
chitin; genes coding for an extracellular protease [NKI72377.1
(EC 3.4.24.) log2C: —2.32] or an endopeptidase (NKI69810.1, log2C:
—1.56); genes coding for enzymes involved in the 2-oxoglutarate
degradation pathway [NKI69694.1, sucB homologue (EC 2.3.1.61)
and NKI69695.1, sucA homologue (EC 1.2.4.2)] and phenylala-
nine degradation pathway [NKI169922.1 (EC 1.13.11.27),NK169923.1
(EC 1.4.1.3), and NKI69924.1 (EC 3.6.3.25); log2c: —1 to —1.5]; as
well as a potential iron transporter related to the ferrichrome
(NKI68341.1; 10g2C: —0.92).

Noticeably, several QS down-regulated genes in strain PMB3(1)
were identified in an independent AntiSMASH analysis. A single
gene (NKI69940.1; log2c: —1.33) encoding an isocitrate lyase was
identified as member of the NRPS cluster #6, a cluster predicted

to produce a peptide (ille—ser—ile). A total of five genes belong-
ing to the thiopeptide cluster #11 were down-regulated and cor-
responded to genes encoding a pyrrolidone carboxyl peptidase
(EC 3.4.11.8; NKI71377.1, log2C: —1.36), a lactam utilizing protein
(NK171381.1), encoding a hydrolase (NKI71382.1) or unknown pro-
teins (NKI71378.1-NK171380.1)

Up-regulated gene expression in QS-mutants

Several genes involved in oxalate and formate metabolism ap-
peared up-regulated in the QS-mutants. Some of these genes were
organized into two separate regions on the PMB3(1) genome. The
first region encompasses four genes described in other taxa as re-
sponsible for oxalate metabolism with the genes NKI69443.1 and
NKI69445.1 encoding two formyl-CoA transferases (EC 2.8.3.16),
NKI69446.1 encoding an oxalyl-CoA oxalate decarboxylase (EC
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Figure 4. Relationship between the transcriptomic of the AluxI/WT and AluxR/WT data comparisons. Linear regression analyses have been done on
the log2change data obtained for the two comparisons and the R? and P-value are presented.
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4.1.1.8), and NKI69451.1 encoding an oxalate/formate antiporter.
Among these, only the gene NKI69446.1 appeared significantly
more expressed in the QS-mutants (log2FC:1.15/2.3). The expres-
sion of the gene NKI69443.1 appeared slightly up-regulated, but
only in the AcolR/WT treatment comparison and with a neg-
ligible log2change value. The second region is composed of 3
genes (NKI67908.1-NK167910.1) encoding the different subunits
(i.e. the b556 cytochrome, the Fe-S small and the large sub-
units) of a formate dehydrogenase O (EC 1.2.1.2). All of them
presented a higher expression (log2FC:1.37-1.87) than in the WT
strain.

A total of three distantly related genomic regions involved
in glucose metabolism also presented significant upregulation.
Indeed, genes encoding a glucose/methanol/choline (GMC) ox-
idoreductase (EC 1.1.5.9; NKI70795.1, log2FC:1.63; NKI70796.1,
log2FC:2.19), a glucokinase (EC 2.7.1.2; NKI70107.1, log2FC:1.49),
glucose-6-P DH (NKI70108.1, log2FC:1.75), and a -glutamine: -
fructose-6-phosphate aminotransferase (EC 2.6.1.16; NKI71611.1,
log2FC:0.98) were also identified.

Several genes related to aminoacid metabolism and pepti-
doglycan synthesis appeared up-regulated in the QS-mutants.
Different genes involved in lysine production and potentially in-
volved in peptidoglycan synthesis [NKI68220.1(EC 1.5.1.7), log2C:
2.46; NKI168260.1 (EC 4.1.1.20), NKI68263.1-NKI168264.1; log2C:1-
1.6] presented an increased expression in the QS-mutants. The
same was true for genes encoding different enzymes involved in
the degradation of leucine [NKI71690.1 (EC 1.4.99.1), log2C:1.12),
phenylalanine (NKI71559.1 (EC 1.14.16.1), log2C:3.11], argi-
nine/ornithine [NKI71428.1 (EC 3.5.3.6), 1og2C:2.38, NKI171429.1
(EC 2.6.1.13), 10g2C:2.89].

Noticeably, a broad set of genes related to motility (n = 10)
and belonging to the Type 4 fimbrial assembly system appeared
up-regulated in the QS-mutants. These genes presented high se-
quence homology with pil genes (pilC, D, M, O, B, P, and R) and
the flp/Fap pilin system. Homologues of these genes have been
described for their role in synthesis of pili and fimbriae as well
as in the twitching mechanism. Several genes of the same ge-
nomic regions presented the same trend of expression, but a lower
log2change value (pilA, S, U...). The single exception was gene
NKI70649.1 encoding an homologue of PilT (log2C: —1), which ap-
peared down-regulated in the QS-mutants. PilT possesses an AT-
Pase activity, i.e. essential for the Type IV pili retraction (Burdman
et al. 2011).

Noticeably, several genes presenting an up-regulation were
predicted by AntiSMASH as members of a cluster identified for
strain PMB3(1). Several genes belonging to the NRPS cluster #2
of strain PMB3(1) appeared up-regulated in the QS-mutants.
These genes are related to siderophore production, as stated by
the recovery of genes encoding the NRPS system (NKI169294.1-
NKI69296.1; log2C: —1.23 to —0.91) and the N5-hydroxyornithine
formyl transferase (NKI169299.1; log2C: —1.1). All these genes are
involved in the production of malleobactin in strain PMB3(1)
(Picard et al. 2021). Several genes belonging to the clusters #7/#8
(overlapping clusters) were also detected. These two clusters
present homology with a NRPS system involved in rhizomide pro-
duction or with lipopolysaccharide producing system for cluster
#7 and #8, respectively. The genes with an assigned function are
NKI69950.1 (non-ribosomal peptide synthetase syringomycin syn-
thetase; log2C = —0.84), NKI69951.1 (Permease, multidrug-efflux
transporter, log2C = —1 .45), and NKI69958.1 (5-methyl tetrahy-
dropteroyl  triglutamate-homocysteine  S-methyltransferase;
log2C = -1.62).
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Discussion

Sequence characterization of the QS regulatory
system of collimonads

Through the combination of genomic, molecular and chemical
analyses, we provide the first comprehensive analysis of the QS
regulatory system on Collimonas. Noticeably, our study identified
the luxIR homologues (i.e. collR) characterizing strain PMB3(1) and
evidenced for the first time the strong sequence conservation of
these genes among collimonads whatever their ecological origin
and the species considered. Conservation of the [uxIR sequences
and topology is not so common among bacteria, asitis the case for
Agrobacterium and Erwinia. In contrast, representatives of a same
species can present very different homologues of luxI and luxR
genes in their genome and strong sequence variation between
these genes (e.g. luxI/luxR vs. ainS/R in Vibrio fischeri, rhll/rhIR vs.
lasl/lasR in P. aeruginosa; Gray and Garey 2001, Choudhary et al.
2013).

The conservation observed among Collimonas suggests that
AHL-based QS regulation represents a key trait in bacteria from
this genus. The ability to produce different forms of AHLs vary-
ing in their acyl chain length and substitution observed for strain
PMB3(1) has also been reported for other rhizosphere bacte-
ria such as Pseudomonas chlororaphis and Pseudomonas fluorescens,
showing that a same AHL synthase can produce different types of
AHLs (Shaw et al. 1997, Khan et al. 2005, Peng et al. 2018). The use
of UHPLC-MS/MS in our study revealed the dominance in strain
PMB3(1), and in most of the Collimonas tested, of 30H- and unsub-
stituted forms of C6 and C8-HSL, followed by the C10 and C12-
HSL. This method also permitted to identify other very low abun-
dance AHLs. This method has already permitted to identify traces
of unexpected AHL molecules in well-characterized strains (Or-
tori et al. 2007, Rasmussen et al. 2014, Patel et al. 2016). As an
example, it allowed the identification of six and seven additional
AHLs in E. carotovora and P. stewartii known until recently to only
produce 3-oxo-C6-HSL. In our study, the most atypical AHL pat-
tern was observed for strain Ter10, which is characterized by the
absence of OH forms of C6 and C8-HSL and very low concentra-
tions of 30HC10, 30HC12, 30C12, and C12-HSL. While this strain
presents a functional AHL synthase, as stated by heterologous ex-
pression in E. coli (i.e. pGEM-T cloning), the colR sequence of strain
Ter10 presents a stop codon, which may generate a truncated and
unfunctional ColR. The pattern observed would correspond to a
basal production of AHLs by the AHL synthase at low cell density
or in absence of LuxR.

Global view of the QS-regulated genes and
similarity between AcolR/WT and Acoll/WT
treatment comparisons

Transcriptomics and proteomics have been applied with suc-
cess to various species such as Acinetobacter baumannii, Aliivibrio
salmonicida, P. aeruginosa, P. chlororaphis, Yersinia pestis, Vibrio harveyi,
and various species of Burkholderia to decipher the QS regulatory
system and the functions regulated (Chugani et al. 2012, Gao et
al. 2015, Khider et al. 2019; Ng et al. 2019; Van Kessel et al. 2013).
Although the number of [uxIR systems varies among these model
strains, the omics approaches evidenced that 2%-23% of the CDS
of P. aeruginosa, Burkholderia thailandensis, P. chlororaphis or Y. pestis
were regulated in a QS-dependent manner (Arevalo-Ferro et al.
2003, LaRock et al. 2013, Gao et al. 2015, Shah et al. 2020) when
comparing the WT strains and their cognate AHL synthase mu-
tant. In strain PMB3(1) that possesses a single AHL synthase, we
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observed that only about 3.5% of the genes were regulated in a
QS-dependent manner. Although some substantial differences of
the expression levels exist between the AcolR/WT and Acoll/WT
treatment comparisons, the significant correlation obtained be-
tween the two treatment comparisons demonstrate that the gene
regulation were the same between the two QS-mutants. Such cor-
relation and the very low number of genes differentially expressed
in the Acoll/AcolR treatment comparison support the link be-
tween coll and colR as well as the ColR-dependent activation of
coll in collimonads.

Evidence of metabolic adjustments through a QS
regulation

The functional assays performed on the WT strain PMB3(1) and
its cognate QS mutants revealed significant variations in carbo-
hydrate, organic acid, and amino acid metabolisms. Most of these
variations fit with the transcriptomic responses observed such
as the increased growth observed for the QS mutants in pres-
ence of glucose (i.e. up-regulation of genes involved in glycolysis
and direct oxidative pathways) or formate (i.e. up-regulation of
genes involved in formate and oxalate metabolisms). The QS mu-
tants were also characterized by higher Ca-oxalate solubilization
ability on solid medium than the WT strain. Oxalate is particu-
larly produced by fungi and has been proposed to act as a sig-
nal to guide collimonads to hyphal tips and as a substrate (Rud-
nick et al. 2015, Haqg et al. 2018). In addition, several genes in-
volved in aminio acid (e.g. lysine, leucine, phenylalanine, and argi-
nine/ornithine) degradation or production also appeared differen-
tially expressed in the QS mutants of strain PMB3(1) compared to
the WT strain. The functional assays performed revealed a signif-
icantly higher leucine aminopeptidase activity in the QS mutants.
Although these enzymatic and metabolic changes are not the
most commonly described QS-regulated functions, metabolism
adjustments have been reported in different studies on pathogens
such as Vibrio cholerae, P. aeruginosa, Burkholderia glumae, A. bauman-
nii, or Y. pestis, and nonpathogen bacteria such B. thailandensis or V.
fischeri (Gao et al. 2015, Davenport et al. 2015, Hawver et al. 2016).
The implication of QS in metabolic changes is considered as a
physiological adaptation to the niche colonized (Goo et al. 2015).
For pathogens or symbionts, the metabolic shift was proposed to
be a bypass used by bacteria to shift from the use of the host pro-
vided nutrients to the use of derivatives of their own metabolism
they accumulate during the first phase of growth. Pyruvate or ac-
etate switches have been reported in various bacteria such as V.
cholera, V. fischeri, or Y. pestis (Studer et al. 2008, Hawver et al. 2016).
In V. cholera, the pyruvate bypass allows the production and the
use of acetoin and 2,3-butanediol (Hawver et al. 2016). Yersinia
pestis switches from the glucose contained in blood to acetate
accumulated during the first phase of its development, through
the activation of isocitrate lyase and malate synthase (LaRock
et al. 2013). In our study, both functional assays and transcrip-
tomics analyses highlighted a preferential metabolism of leucine
and formate. Leucine preference was also reported for A. bauman-
nii where it was proposed to be an alternative metabolism used by
the pathogen (Ng et al. 2019).

Adaptation to nutrient depletion?

Several other functions related to nutrient access appeared
differentially regulated in strain PMB3(1) as iron acquisition
and phosphate transport. Up-regulation of various genes of the
malleobactin NRPS cluster was observed in the QS-mutants, sug-
gesting that this mechanism is activated at low cell density. Reg-
ulation of siderophore production through QS dependent mech-

anism has been evidenced in various taxa, but the production of
siderophore can be repressed at low density and activated at high
density or vice versa, depending on the strain considered (Stintzi et
al. 1998, Lewenza et al. 1999). In contrast, phosphate transport ap-
peared down-regulated in the QS-mutants as stated by the differ-
ential expression of the phosphate transport systems Pst and Pho.
The PhoR/PhoB two-component regulatory system is usually de-
scribed in P depleted conditions, as an activator of the expression
of QS genes (Slater et al. 2003, Krol and Becker 2004). Collimonads
are usually recovered from nutrient-poor soils and particularly in
the root vicinity, a zone depleted of P and other cations uptaken by
the plants. The ecology of collimonads and their effectiveness at
solubilizing phosphorus (Uroz et al. 2009) and at mobilizing iron
may explain the regulation observed as an nutritional optimiza-
tion to access limiting nutrients.

QS regulation of motility

Motility is considered as an adaptation process used by bacteria to
colonize new surfaces and to disseminate when the nutritive con-
ditions occurring in their local environment are less favourable
(Daniels et al. 2004). It is also a phenotype regularly described as
QS regulated (Daniels et al. 2004). Mutants impaired in their AHL
synthase or in their cognate transcriptional regulator are usually
defective for motility, as has been shown in Aeromonas hydrophila,
P aeruginosa, Serratia marcescens, Sinorhizobium meliloti, or V. cholera
(Daniels et al. 2004, Gao et al. 2005). For collimonads, motility has
been previously reported as a conserved trait, but without infor-
mation about the type of mechanisms involved (i.e. swimming,
swarming, or twitching) and its regulation (Song et al. 2015). Up-
regulation of motility genes in strain Ter331 of C. fungivorans was
reported during a confrontation assay with Aspergillus (Mela et al.
2011), but with no information on a possible density dependent
mechanism. Our study represents the first evidence of a relation-
ship between motility and QS as stated by the phenotype of the
QS mutants (Fig. 2B). The transcriptome analyses highlight that
the motility of collimonads is related to twitching. Indeed, we ev-
idenced a differential expression of several genes involved in the
synthesis and functioning of the type IV pili system (i.e. pilC, D,
M, O, B, P, R, and flp/Fap pilin) in the QS mutants. The T4P system
permits colonization of new niches and surface motility (Burdman
et al. 2011). In Vibrio vulnificus, the Pil system is used to attach on
chitin, i.e. considered as an essential reservoir for the survival and
persistence of this pathogen (Williams et al. 2015). The link be-
tween QS and twitching has already been demonstrated in other
taxa asin A. salmonicida where a AluxI mutant is strongly impaired
inits motility (Khider et al. 2019). Surprisingly, most of the pil genes
(pilC, D, M, O, B, P, R, and flp/Fap pilin) identified in the genome of
strain PMB3(1) appeared up-regulated in the QS-mutants, while
these mutants were strongly impaired in their motility as seen in
the motility assay. The single exception was the gene pilT, which
was down-regulated (log2C: -1; NKI70649.1). PilT is considered es-
sential for the T4P retraction due to its ATPase activity. ApilT mu-
tants are often hyperpiliated and lack pilus retraction and twitch-
ing ability (Burdman et al. 2011). Although other regulating factors
[e.g. expression stoichiometry of the pil genes (Giltner et al. 2012)];
sigma 54 (RpoN) factor (Rendon et al. 2013, Han et al. 2018) can
not be excluded, our analyses suggest that the motility of strain
PMB3(1) depends on a QS regulation of the ATPase activity of pilT.

Conclusions

The integration of the transcriptional responses observed in this
study with the functional assays revealed that collimonads reg-
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ulate in a QS-dependent way many functions related to en-
vironment colonization (i.e. motility), metabolism adjustment
(i.e. activation of alternative metabolisms), nutrient access (i.e.
siderophore production and phosphate uptake), and microbial in-
teractions (i.e. production of lipo-and thio-peptides). Many of the
functions identified in this study have been proposed to play a key
role in mycophagy (Leveau and Preston 2008) or have been exper-
imentally evidenced in fungal-bacterial interactions (Mela et al.
2011, Rudnick et al. 2015, Haq et al. 2018). In this sense, differ-
ential regulation of genes related to chemotaxis, motility, growth,
and EPS production were also reported during confrontation as-
says between C. fungivorans Ter331 and Aspergillus niger, suggesting
that the QS-regulated functions highlighted in our study may be
involved in bacteria—fungi interactions. Our experiments with L.
bicolor did not reveal a fungal growth inhibition related to QS reg-
ulation, but a differential expression of the oxalate metabolism
system was observed. Hence, future research will be required to
better understand how the QS-dependent regulation system af-
fects Collimonas—fungi interactions.
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