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Aluminium (Al)-tolerant beneficial bacteria confer resistance to Al toxicity to
crops in widely distributed acidic soils. However, the mechanism by which
microbial consortia maintain Al tolerance under acid and Al toxicity stress
remains unknown. Here, we demonstrate that a soil bacterial consortium
composed of Rhodococcus erythropolis and Pseudomonas aeruginosa exhibit
greater Al tolerance than either bacterium alone. P. aeruginosa releases the
quorum sensing molecule 2-heptyl-1H-quinolin-4-one (HHQ), which is effi-
ciently degraded by R. erythropolis. This degradation reduces population
density limitations and further enhances the metabolic activity of P. aerugi-
nosa under Al stress. Moreover, R. erythropolis converts HHQ into tryptophan,
promoting the synthesis of peptidoglycan, a key component for cell wall sta-
bility, thereby improving the Al tolerance of R. erythropolis. This study reveals a
metabolic cross-feeding mechanism that maintains microbial Al tolerance,
offering insights for designing synthetic microbial consortia to sustain food
security and sustainable agriculture in acidic soil regions.

Interspecies interactions serve as the primary impetus for microbial
community activity, significantly influencing community composition,
structure, and function'. In natural habitats, microbial communities
often acquire essential nutrients and maintain biodiversity through
metabolic cross-feeding mechanisms?’. Microbial producers synthe-
size an array of extracellular molecules, encompassing exoenzymes
and vital metabolites such as sugars, organic acids, and amino acids,
which can subsequently be utilized by neighboring microbes*™*.
Microorganisms augment performance at the community level in
various contexts through emergent properties that arise from

complex interactions’. This effect surpasses the aggregate of their
individual contributions®. Central to these microbial interactions is
quorum sensing (QS), a mechanism that can modulate nutrient uptake
and metabolic processes, thereby shaping microbial responses to
dynamic environments’®, In the soil environment, where multiple
stringent constraints exist, microorganisms appear capable of pre-
serving functionality and biodiversity from the individual to the com-
munity level through cooperative strategies. Non-competitive
metabolite pools are thus advantageous for fostering constructive
metabolic interactions®. For instance, Bacillus and Delftia maintain
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their survival and competitive edge in soil through a mutualistic rela-
tionship facilitated by pyruvate exchange, which also plays a role in
modulating the soil arsenic cycle™.

Aluminium (Al) toxicity represents a significant stress factor in
acidic soils and is considered the second most common abiotic stress
after drought for crops worldwide™. When the pH falls below 5.5, sub-
stantial amounts of AP* are liberated into the soil solution®. This can
result in microbial cell wall relaxation, membrane rupture, and leakage
of cellular compounds, consequently impeding microbial activity and,
in severe cases, leading to cell death™. Al-tolerant microorganisms have
adapted to combat Al toxicity through various mechanisms, such as
fortifying their cell walls and excreting organic acid to chelate AP, In
addition to individual tolerance capabilities and survival mechanisms,
diverse interactions among microorganisms enable them to maintain
community activity, diversity, and stability when faced with environ-
mental stress”. This may help elucidate previous observations that
acidic soils support a wide distribution of microorganisms exhibiting
varying sensitivities to AlI'®. Synthetic microbial consortia, derived from
natural microbial communities, have been shown to outperform indi-
vidual microbes in our previous study’. However, a significant knowl-
edge gap remains regarding the mechanisms through which these
microorganisms coexist and withstand Al toxicity stress.

In a previous study, we established a synthetic microbial com-
munity (SynCom) in acidic soils comprising two bacterial strains—
Rhodococcus erythropolis and Pseudomonas aeruginosa—with different
levels of tolerance to AI'®. SynCom has demonstrated robust co-
colonization in field settings and has outperformed individual strains
in promoting plant growth’®, Consequently, we hypothesize that Syn-
Com members can bolster community-level Al tolerance and augment
plant growth promotion via cross-feeding mechanisms.

Here, we show that the SynCom exhibits greater Al tolerance than
either R. erythropolis or P. aeruginosa alone. P. aeruginosa produces the
secondary metabolite 2-heptyl-1H-quinolin-4-one (HHQ), which is
efficiently degraded by R. erythropolis. This degradation reduces QS
limitations, enhancing P. aeruginosa’s metabolic activity under Al
stress. Furthermore, R. erythropolis converts HHQ into tryptophan via
the chorismate biosynthesis pathway, which promotes peptidoglycan
synthesis, improving cell wall stability and Al tolerance in R. ery-
thropolis. Our study elucidates the mechanisms of interspecies Al tol-
erance, which is fundamental for enhancing microbial community
functions and offers valuable theoretical insights for the design and
development of SynCom for sustainable agricultural applications.

Results
SynCom enhances individual species effects
A SynCom consisting of two Al-tolerant strains, R. erythropolis (Rh) and
P. aeruginosa (Ps), denoted as RP, significantly enhanced both the
biomass and yield of rice compared to single-species inoculation (Rh
and Ps) or no inoculation (CK) under acidic Al toxicity conditions in the
field (Supplementary Fig. 1a, b). At the mature grain stage, the shoot
fresh weight under the RP treatment increased by 21.32% and 34.98%
compared to that under the Rh and Ps treatments, respectively, and
the grain yield significantly increased by 21.00% and 26.27%, respec-
tively (Supplementary Fig. 1c). A pot experiment further proved that
compared with single inoculation, the RP treatment led to greater
increases in rice growth during the elongation stage, as well as in
biomass and yield at maturity (Supplementary Fig. 2). These results are
consistent with previous findings'®. Besides, the Al content in the roots
was the lowest with SynCom inoculation, followed by Ps, Rh, and CK
treatments (Supplementary Fig. 3). Building on these validations, we
further aimed to unravel the underlying cooperative mechanisms that
contribute to the superior performance of co-culture over mono-
culture in promoting plant growth.

In the pot experiment, SynCom members demonstrated higher
colonization abundance and stable colonization efficiency compared

to single inoculations, as determined by quantitative real-time poly-
merase chain reaction (QRT-PCR). Specifically, SynCom significantly
enhanced the bacterial abundance, with a 1.50-fold increase in
response to Rh (RP versus Rh) and a 1.42-fold increase in total micro-
bial abundance in response to Ps (RP versus Ps) (Fig. 1a). Moreover, the
co-cultured products markedly increased the absolute abundance of R.
erythropolis by 1.29-fold (RP versus Rh) and P. aeruginosa by 2.30-fold
(RP versus Ps) (Fig. 1b). Using fluorescent in situ hybridization (FISH),
we observed that while mono-inoculation of P. aeruginosa inhibited
the biomass of native R. erythropolis by 2.91-fold compared with CK
treatment, co-inoculation enhanced the biomass of R. erythropolis by
1.71-fold (Fig. 1c and Supplementary Fig. 4).

Interestingly, we confirmed that the metabolic dynamics of R.
erythropolis and P. aeruginosa under acidic Al stress was enhanced in
co-culture condition compared to mono-cultures. In single-cell Raman
spectroscopy combined with reverse heavy water labeling (Reverse-
Raman-D,0) (Fig. 1d), the substitution of labeled deuterium was pro-
portional to cellular metabolic activity. Cells with a lower C-D 440
indicate heightened metabolic activity under Al stress, while cells with
a significantly higher C-D .., suggest reduced activity under Al stress.
Our investigations revealed that the two bacterial species exhibited
differential resistance to Al stress when cultured in the minimal med-
ium at pH 4.0 (Supplementary Fig. 5). Regardless of cultured indivi-
dually or together, the metabolic activity of P. aeruginosa remained
unchanged across varying concentrations of AI** (Fig. le). The meta-
bolic activity of P. aeruginosa was significantly augmented in the pre-
sence of R. erythropolis. In contrast, as the concentrations of AP
increased from OmM to 1.0 mM, we observed a 13.49%-28.46%
decrease in the metabolic activity of R. erythropolis in the mono-
culture. The metabolic activity of R. erythropolis increased by
18.76%-25.42% when co-cultured. Furthermore, we confirmed that co-
culture substantially improved the phosphorus (P)-solubilizing effi-
ciency under acidic Al stress compared to mono-cultures (Supple-
mentary Fig. 6, Supplementary Note 1). Together with our previous
findings'®, co-culture has enhanced the Al resistance of SynCom
members, and this increased activity has further augmented the
P-solubilizing ability of SynCom.

We subsequently determined the growth curves of the two bac-
terial species during co-culture under 0.1 mM AP* conditions (pH 4.0)
(Fig. 1f). P. aeruginosa in mono-culture reached a density-dependent
limit soon after 12 h, with a decrease in population from 5.72 x10°
copies mL"! to 1.67 x10° copies mL™. When co-cultured with R. ery-
thropolis, the cell density of P. aeruginosa at 12 h was 1.53 times greater
than that in the mono-culture, reaching a stationary phase at 6.77 x 10’
copies mL™. In addition, R. erythropolis in the co-culture was sig-
nificantly greater (7.94 times greater) than that in the mono-culture
(7.65 x10° copies mL?) at 18 h.

These findings indicated a mutualistic benefit between the two
bacterial strains during their coexistence. Specifically, the Al tolerance
of R. erythropolis was significantly enhanced when co-cultured with P.
aeruginosa, while P. aeruginosa experienced a mitigated density-
dependent growth limitation. Consequently, we inferred that the two
species may engage in synergistic metabolic interactions, possibly
involving the sharing or exchange of metabolic products, which
facilitated their adaptation to Al stress.

Interspecies interactions mediated by quinolones

To elucidate the metabolic substrates involved in cross-feeding
between R. erythropolis and P. aeruginosa, we identified their meta-
bolites under both mono-culture and co-culture conditions cultivated
in minimal media under Al stress (pH 4.0). We analysed 19 metabolic
substances, including sugars, long-chain fatty acids, and aromatic
compounds, using single quadrupole gas chromatography-mass
spectrometry (GC-MS) (Supplementary Data 1). 2-heptyl-1H-quinolin-
4-one (HHQ), a key QS signaling molecule, was uniquely detected in

Nature Communications | (2024)15:10148


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54616-0

Total bacteria

N
o
1

R. erythropolis

[V

:

-
[}
I

dod

(%10 copies g soil)
o )
1 1
s

16S rRNA gene abundance
(x10° copies g soil)
16S rRNA gene abundance

o

Ps-R.erythropolis

f
P. aeruginosa g 10.04 Ps
c RP-Ps
©
2L 75
2E
o8
[
5§50
o O
a <3
I E Z 2.5
ol® [
b e 0
c c 0-0-0 é 1|O 1!5 2‘0 2‘5
%o .00
T T T T
CK Rh Ps RP
§ 10.0 Rh
S RP-Rh
i Sg 75
RP-R.erythropolis | a
0.2
55 501
o O
<2
Z2 25
xrx
(%]
€ o
5 10 15 20 25
Time (h)
Fokk *%
Fekk *
Fok *

d e
Reverse D20 Raman probing 601
D20 labeling Metabolic process
3
° 3 40+
= %
= 2
E, H replacement a
£ O 20-
C-D C-H C-D C-H
Area . 0
- = — I
CDeie Area  +Area,,, x 100% A" (mM)0

1 0 01 1 0 o1 1 0 o1 1

Metabolic activity o<(C-D )"

Fig. 1| Changes in the community density and activity of R. erythropolis and P.
aeruginosa under mono-culture and co-culture conditions. The absolute
abundance of total bacteria (a), R. erythropolis, and P. aeruginosa (b) in the rice
rhizosphere soil (n =3 rhizosphere soil samples). ¢ Fluorescence in situ hybridiza-
tion of R. erythropolis in rhizosphere soil. The scale bar is 50 pm. The fluorescence
experiment was independently repeated three times. d Single-cell reverse heavy
water labeling principle and calculation formula for metabolic activity (C-D (o).
Areac_p represents the integral area of the Raman peak at 2040-2300 cm™ after the
redshift of heavy water substitution (C-D), and Areac_y represents the integral area
of the unsubstituted C-H at 2800-3100 cm'. e Metabolic activity of R. erythropolis
and P. aeruginosa under mono-culture and co-culture conditions with different AP*
concentrations (pH 4.0) (n =30 individual cells). f Absolute abundance of P.

RP-P Rh RP-R

aeruginosa and R. erythropolis over time under mono-culture and co-culture
treatments (n = 3 biological replicates). In (a, b), the bars represent the means + s.d.
In (e) the horizontal bars within the box plots represent medians, the tops and
bottoms of the boxes represent the 75th and 25th percentiles, respectively, and the
upper and lower whiskers extend to the maximum and minimum values, respec-
tively.In (a, b, e), different letters indicate significant differences (P < 0.05, One-way
ANOVA, two-sided Fisher’s LSD test). In (e), the significance labels are color-coded to
match their corresponding treatments. The two-sided unpaired ¢-test was used for
statistical significance testing. ‘P<0.05, "P<0.01, and “"P< 0.001. CK non-inocula-
tion, Rh inoculation with R. erythropolis, Ps inoculation with P. aeruginosa, RP
inoculation with R. erythropolis and P. aeruginosa, RP-R R. erythropolis in co-culture,
RP-P P. aeruginosa in co-culture. Source data are provided as a Source Data file.

mono-cultured P. aeruginosa but was absent in mono-cultured R. ery-
thropolis (Fig. 2a). Moreover, compared to the mono-culture of P.
aeruginosa, the concentration of HHQ in the co-culture was reduced by
approximately half (Fig. 2a).

We then employed semiflexible molecular docking simulations to
calculate the binding free energy of each metabolite with the Quorum-
sensing degradation regulator”® (QsdR) and multiple virulence factor
regulator (mvfR)? transcription factor proteins (Methods). Among all
the detected substances, HHQ exhibited the lowest binding free
energy with both QsdR and mvfR (-7.39 kcal mol™ and -6.15 kcal mol™,
respectively), suggesting a greater likelihood of binding to the target
proteins (Fig. 2b). This preferential binding may be attributed to the
unique quinolone framework structure of HHQ, which features an
electron-withdrawing phenol group and an electron-donating pyridine
group, facilitating easier binding to protein sites (Fig. 2c).

Subsequently, we quantified and confirmed the production of
HHQ by P. aeruginosa and its degradation by R. erythropolis in pure
cultures. After 12 h of incubation under 0.1mM added AP* concentra-
tion in minimal media, HHQ was undetectable in R. erythropolis mono-
culture but remained at a concentration of 1.0+0.05pgmL™ in P.

aeruginosa mono-culture. In co-cultures, the concentration of HHQ
significantly decreased to 0.42 + 0.14 pg mL™ (Fig. 2d). Moreover, the
mono-cultured R. erythropolis exhibited strong metabolic activity
towards HHQ during the 8-h incubation period with increasing AP
concentrations (Fig. 2e). Correspondingly, the production and degra-
dation of HHQ were examined in rice-cultivated acidic soil under both
natural and sterilized conditions, as well as in a sterilized clay-based
system. These experiments proved the efficient ability of R. ery-
thropolis to degrade HHQ, both in liquid medium and soil matrix
(Supplementary Figs. 7 and 8, Supplementary Note 2).

Together, our findings revealed a crucial metabolic link between
the two bacterial species in the co-culture system. The HHQ produced
by P. aeruginosa not only participates in the regulation of QS processes
in microbial populations but also may be exploited by R. erythropolis as
a nutritional resource, enhancing its capacity to withstand Al toxicity
stress.

R. erythropolis degrades HHQ to augment cell wall biosynthesis
Based on a transcriptomic analysis, we identified the top 10 enriched
metabolic pathways for differentially expressed genes (DEGs) between
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Fig. 2 | Identification, recognition, and fate analysis of the key metabolic
substance HHQ. a The primary and secondary spectra of HHQ identified by a single
quadrupole gas chromatography-mass spectrometry (GC-MS) system under
mono-culture or co-culture conditions. The solid centerline represents the average
observed peak, and the shaded area represents the standard deviation (n =3 bio-
logical replicates). b The predicted minimum binding free energy of 19 substances
detected with protein molecules via flexible docking. The dashed line at —4
represents the threshold of binding free energy for ligand binding to receptor
proteins. ¢ The binding site corresponding to the minimum free energy generated

A** concentration (mM)

by the combination of HHQ and protein. TYR tyrosine, ASP aspartic acid, LYS lysine.
d Determination of the relative concentration of HHQ in the culture media of
mono-cultures or co-cultures of R. erythropolis and P. aeruginos. e The degradation
rate of R. erythropolis to 20 uM HHQ at different AP* concentrations (pH 4.0) after
8h of incubation. In (d, e), bars represent the mean + s.d. (n =3 biological repli-
cates). Different letters indicate significant differences (P < 0.05, one-way ANOVA,
two-sided Fisher’s LSD test). Rh mono-culture of R. erythropolis, Ps Rh: mono-
culture of P. aeruginosa, RP co-culture of R. erythropolis and P. aeruginosa. Source
data are provided as a Source Data file.

P. aeruginosa and R. erythropolis (fold change >1.5, FDR<0.05). In
mono-cultured P. aeruginosa exposed to Al stress, downregulated
DEGs were predominantly associated with flagella assembly, chemo-
taxis, and biofilm formation pathways (Supplementary Fig. 9a). Upon
co-culture with R. erythropolis, the downregulated DEGs in P. aerugi-
nosa were mainly enriched in pathways related to two component
system, QS, and amino acid metabolism (Supplementary Fig. 9b).

Furthermore, R. erythropolis revealed distinct expression patterns
in the cell wall synthesis and tryptophan metabolism pathways under
different conditions. In the mono-cultures, these pathways were sig-
nificantly repressed under Al stress, as characterized by an enrichment
of downregulated DEGs (Supplementary Fig. 9c). Conversely, in co-
culture, these pathways were markedly upregulated (Supplementary
Fig. 9d). Network analysis of the top 10 enriched pathways indicated
that DEGs associated with the tryptophan metabolism pathway were
connected to the peptidoglycan biosynthesis pathway, exclusively
through the two-component system pathway (Supplementary
Fig. 10a, b). It suggested that genes related to tryptophan metabolism
contribute to peptidoglycan biosynthesis.

We then examine the cellular morphology and quantify cell wall
characteristics by scanning electron microscopy (SEM) and atomic

force microscopy (AFM) under Al stress, respectively. Cell wall damage
inflicted upon R. erythropolis by AP* stress was ameliorated by both co-
culture with P. aeruginosa and treatment with 20 pM HHQ in minimal
media, as evidenced by the absence of discernible folds or ruptures
(Supplementary Fig. 11). As the AI** concentrations increased from
O0mM to 0.1mM and 1 mM, the cell wall thickness of R. erythropolis
thinned from 8.56 nm to 4.10 nm and 3.34 nm, respectively (Supple-
mentary Fig. 12). Concurrently, the wall roughness decreased from
6.36 nm (0 mM AP) to 4.11nm (1mM AP**) (Fig. 3a). The detrimental
effects of Al on cell wall thickness and roughness were mitigated by the
addition of 20 uM HHQ. Specifically, the cell wall thickness of R. ery-
thropolis increased to 11.20, 14.89, and 19.34 nm, respectively (Sup-
plementary Fig. 12), and the wall roughness increased from 5.93 (0 mM
AP)nm to 8.52nm (I1mM APP*) (Fig. 3b). For P. aeruginosa under
increased Al concentrations, the cell thickness significantly increased,
while the wall roughness remained merely change (Fig. 3c).

We established a potential pathway for R. erythropolis to degrade
quinolone compound HHQ, synthetic tryptophan, and promote the
synthesis of cell wall-related substances (Supplementary Fig. 13). The
expression levels of key genes involved in cell wall synthesis and qui-
nolone oxidation were quantified using qRT-PCR. Our findings
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revealed that the key genes of cell wall synthesis pathways (DacD, MltG,
PGAM, and UAGCVT) in R. erythropolis were significantly down-
regulated in A" gradients (Supplementary Fig. 14), while upregulated
in response to increasing AP* concentrations supplemented with
20 uM HHQ (Fig. 3d). Quantitative analysis revealed that cell wall
biosynthesis with the formation of muramic acid in R. erythropolis cells
increased with AIP* concentration in the presence of HHQ. Muramic
acid concentration showed a 1.31-fold increase (16.20 + 0.74 pg g™ at
0.1mM AP*) and a 1.45-fold increase (17.90 + 0.38 pg g™ at 1 mM AI*")
relative to those without Al stress (Fig. 3e). Additionally, the addition of
HHQ increased the expression levels of alkylquinolone-specific cata-
bolic enzymes (AqdA1, B1, and CI) and ribotransferase genes (TrpD and
TrpF), linking HHQ degradation to tryptophan synthesis (Fig. 3f).
Similarly, the bacteria colonization and key gene expression patterns
were validated in both sterilized clay-based and acidic soil systems
(Supplementary Figs. 15 and 16, Supplementary Note 2). This connec-
tion likely facilitates the further synthesis of tryptophan during co-
culture, subsequently contributing to cell wall formation.

To elucidate the role of tryptophan in modulating cell wall
biosynthesis and bolstering the defense mechanisms of R. ery-
thropolis against Al stress, we analysed the transcription levels of
genes involved in relevant pathways under a gradient of AI** con-
centrations. Our results revealed that AI** exposure led to a sig-
nificant downregulation of phosphoglucosamine mutase (PGAM)
and UDP-N-acetylglucosamine 1-carboxyvinyltransferase (UAGCVT)
genes, which are integral to N-acetylmuramic acid production in R.
erythropolis. The provision of exogenous tryptophan (Rh+Trp) or
co-culturing with P. aeruginosa substantially enhanced the expres-
sion levels of these genes (Fig. 4a). Consistent trends were observed
in the transcriptional activity of the D-alanyl-D-alanine carbox-
ypeptidase (DacD) and murein endolytic transglycosylase (MitG)
genes, as well as corresponding changes in the muramic acid con-
centration (Fig. 4b, Supplementary Fig. 17). The growth kinetics
indicated by population density further confirmed the ability of

tryptophan to promote the proliferation of R. erythropolis under Al
stress (Supplementary Fig. 18).

Discussion

Cross-feeding is a widespread phenomenon in natural microbial
communities®. In our study, we reported that cross-feeding between
microbial species with varying Al resistance capabilities strengthens
the effectiveness of consortia. In the co-culture system, P. aeruginosa,
characterized by its robust resistance to Al, initially occupies a stable
niche and produces the metabolic substrate HHQ. This compound
establishes a unidirectional cross-feeding relationship with R. ery-
thropolis (Fig. 5a). Subsequently, R. erythropolis degrades HHQ into
anthranilic acid (AA), which is then transformed into tryptophan.
Tryptophan plays a crucial role in the synthesis of N-acetylmuramic
acid, ultimately facilitating peptidoglycan biosynthesis (Fig. 5b). Fur-
thermore, the decreased accumulation of HHQ alleviates density-
dependent constraints on P. aeruginosa, enhancing its metabolic
activity. Within the microbial community, these ecological exchanges
fortify their collective resistance to Al stress and amplify their com-
munal activities.

Tryptophan, an essential amino acid, plays a crucial role in
microbial physiology, including the synthesis of cell wall components
such as muramic acid and peptidoglycan?. As demonstrated in Fig. 4,
Supplementary Figs. 17 and 18, the availability of tryptophan influ-
enced the stability and function of R. erythropolis, underscoring the
significance of understanding metabolic dependencies in community
design. However, tryptophan was undetectable under both mono-
culture and co-culture conditions (Supplementary Fig. 19), suggesting
that it is unlikely to be the primary cross-feeding metabolite exchan-
ged between microorganisms. This absence could be attributed to
suboptimal environmental pressures that compel microbes to shift
their strategic focus from maximizing growth yield and resource
acquisition to investing in stress tolerance traits*?, thereby altering the
composition of metabolic pools shared by other microorganisms®.
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Fig. 4 | Transcriptional expression analysis of tryptophan-mediated genes
related to peptidoglycan biosynthesis in R. erythropolis. a Relative gene
expression of functional genes involved in the biosynthesis of N-acetylglucosamine
(GIcNAc). b Relative gene expression of functional genes involved in the bio-
synthesis of peptidoglycan. In (a, b), bars represent the mean + s.d. (n = 3 biological

replicates). Different letters indicate significant differences (P < 0.05, one-way
ANOVA, two-sided Fisher’s LSD test). Rh mono-culture of R. erythropolis, Rh+Trp R.
erythropolis with the addition of tryptophan, RP co-culture of R. erythropolis and P.
aeruginosa. Source data are provided as a Source Data file.

Dominant species could redirect resources towards fortifying resis-
tance against environmental stresses rather than sharing endogenous
metabolites such as amino acids*. Therefore, microorganisms with
high Al tolerance, when exposed to Al toxicity, drive amino acids to
become competitive nutrients to maintain normal cell wall morphol-
ogy. This was evidenced by the thicken cell walls of Al-resistant P.
aeruginosa with increasing AP concentrations (Supplementary
Fig. 12). We discovered that cross-feeding mechanisms mediated by
quinoline compounds benefit microorganisms with low Al tolerance,
enhancing their performance under Al stress. In summary, these
results highlight the complexity of microbial resource allocation and
metabolic acclimatization under environmental stress, offering new
insights into microbial ecological dynamics.

In engineering SynComs to bolster plant health and growth within
agricultural soils, a significant hurdle lies in ensuring that the intro-
duced microbial strains can persist within the indigenous microbial
networks?. The role of native microbes in surmounting this challenge
has been underscored®, bringing microbial interactions to the fore as
one of the important aspects in the orchestration of microbial con-
sortia aimed at eliciting desired outcomes. For example, our findings
reveal that the plant growth-promoting effects induced by the SynCom
were markedly superior to those achieved through individual inocu-
lations (Supplementary Figs. 1 and 2). This enhancement can be
ascribed to an elevation in both the abundance and metabolic activity
of P. aeruginosa and R. erythropolis (Fig. 1a, d). P. aeruginosa, through
QS mechanisms, produces antibiotics that facilitate its colonization,
while R. erythropolis degrades HHQ, culminating in a synergistic co-
colonization in acidic soils. Similarly, SynComs designed based on
these microbial interactions exhibit augmented production of

protective metabolites and an extended community longevity”.
Therefore, leveraging cross-feeding and QS systems in natural envir-
onments can aid in the design of microbial consortia that may have
competitive advantages over mono-cultures in terms of productivity,
resource allocation and utilization, metabolic complexity, and invasion
resistance®*s,

In summary, our study revealed that R. erythropolis augments its
metabolic activity by harnessing the quinolone metabolites excreted
by P. aeruginosa. This increase in tryptophan production subsequently
modulates the peptidoglycan synthesis pathway, leading to cell wall
reinforcement and an enhanced capacity for Al tolerance. Additionally,
the efficient catabolism of these compounds by R. erythropolis miti-
gates the density-dependent constraints typically imposed by QS in P.
aeruginosa populations. These findings offer empirical support for the
natural tendency of microorganisms to establish mutualistic partner-
ships, particularly in hostile environments such as acidic soils with Al
toxicity. The uncovered interplay between R. erythropolis and P. aer-
uginosa not only illuminates the intricate web of microbial interactions
but also has implications for fields ranging from environmental
microbiology to biotechnological applications. By deciphering the
metabolic dialog between these species, we can build a foundation for
programming innovative strategies to enhance microbial fitness and
resilience in natural and engineered systems in the future.

Methods

Bacterial growth conditions

The bacterial species used in this study, R. erythropolis and P. aerugi-
nosa, were isolated from the rhizosphere soil of japonica rice, Nanj-
ing46, grown in acidic red soil. R. erythropolis and P. aeruginosa were
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shaken overnight (28 °C, 180 rpm) using Luria-Bertani (LB) media
(5 gL yeast extract, 10 g L™ tryptone, 10 g L' sodium chloride). When
the optical density at 600 nm (ODggo) reached 0.6-0.8 during the
exponential growth phase, single colonies were isolated by streaking
on plates into a pure culture. These colonies were then used for sub-
sequent culture experiments.

For further observations and analysis, minimal media and mod-
ified minimal media (MM) supplemented with different forms of P
were used. The minimal media was composed of 2gL™ (NH4),SO,,
1.2mM K;HPO,.3H,0, 0.8mM KH,PO,, 1gL™’ trisodium citrate,
80 nM MnCl, « 4H,0, 1pM FeSO, « 7H,0, 0.5mM MgS0, - 7H,0, and
2% D-glucose. The MM included 0.5gL™" (NH4),SO,, 0.3gL™ KCI,
03gL™* NaCl, 0.03gL" MnSO4H,0, 0.03gL" FeSO,7H,0, and
0.03g L™ MgS04:7H,0, supplemented with 1gL* sodium phytate or
1gL! tricalcium phosphate as the sole P source, respectively (Sup-
plementary Method 1 and 2). Note that the Al stress conditions in this
study were established by addition of AICI; to the culture medium,
with the specified concentrations referring to the added concentra-
tions of AP, AICI; was filtered through a 0.22 um filter for sterilization
before being added to the media with a final pH of 4.0. This approach
to establishing Al stress environment has been validated in previous
studies'?”.

Synthetic microbial community preparation for inoculation

Individual colonies of R. erythropolis and P. aeruginosa were inoculated
into 50 mL of liquid LB media and incubated at 28 °C with shaking at
180 rpm for 24 h, reaching a density of ~2.3 x 10 CFU mL™. Then, the
two strains were propagated in a fermentation tank for 18 h. The
resultant bacteria biomass was harvested using a disk centrifuge
method (10,000 x g, 5min) to remove any residual LB medium. The
SynCom formulations consisted of an equimolar mixture of the
strains suspended in ultrapure water with a final concentration

of 1x108CFUmL™. Three days following the transplantation of
rice seedlings, each plant was treated with 25mL of the SynCom
solution.

Experimental site description and field experiments

The field experiment was established at the Yingtan National Agri-
cultural Ecosystem Observation and Research Station in Jiangxi Pro-
vince (28°12'N, 116°55’E), China. The experimental area has a typical
subtropical climate with an average annual precipitation of 1881.8 mm
and an average annual temperature of 18.4 °C. The field soil used in the
experiment was Quaternary red clay with a soil content of 36%, which is
strongly weathered and has high Al and iron oxide contents. It is
classified as a typical Plinthosol by the US soil classification system, and
its relevant physical and chemical properties are shown in Supple-
mentary Data 2. In accordance with local traditional farming methods,
the experimental field was managed using a single rice crop system per
year, employing furrow irrigation and consistent weed management
throughout the growing season.

Rice seeds from japonica Nanjing 46 were surface sterilized in 75%
ethanol for 30 s and 2.5% sodium hypochlorite three times for 15 min
and germinated on Murashige and Skoog (MS) agar media for 15 days
(25°C). Rice plants in similar growth stages were subsequently trans-
planted into field plots, with 40 plants per plot. The size of each plot
was 1.5mx6.0m, with furrows serving as boundaries. The field
experiment included four treatments: non-inoculation (CK), mono-
inoculation with R. erythropolis (Rh), mono-inoculation with P. aeru-
ginosa (Ps), and inoculation with co-cultured R. erythropolis and P.
aeruginosa (RP), with each treatment having one plot (Supplementary
Fig. 1). During the heading and maturity stages of rice, photos were
taken using a digital camera (RICH GRIII, R02010, Vietnam), and the
leaf chlorophyll content (SPAD-502-plus, Konica Minolta, Japan) and
rice plant height were measured. A total of 40 rice plants were
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harvested at 110 days after transplanting. Shoot biomass and panicle
weight per plant were measured.

Pot experiments

The soil used for the pot experiment was collected from the field site.
The soil was sieved through a 10-mesh screen to remove stones and
impurities. A total of 145.6 g of red soil was transferred to a160 mL root
box and compacted to ensure a bulk density of 1.3 for each root box.
Surface-sterilized rice seedlings from Nanjing46 were transplanted
with one plant per root box. The pot experiment included four treat-
ments: non-inoculation, mono- and co-cultures of R. erythropolis and P.
aeruginosa. Each treatment was replicated five times. The leaf chlor-
ophyll content and rice plant height were assessed at seven-day
intervals while documenting the growth status of the plants. At
maturity, shoot and grain samples were collected from the rice plants.
The roots were shaken to remove loosely adherent soil, followed by
collection of adhering soil (rhizosphere soil) from the root surface®.
Root samples were dried to a constant weight in an oven at 65 °C and
then Al concentration in rice roots was measured (Supplementary
Method 3). Soil samples were immediately stored in a =80 °C freezer
for subsequent determination of the absolute abundance of 16S
rRNA genes.

Reverse-Raman-D,O for assessing the bacterial metabolic
activity

Reverse-Raman-D,0 was used to measure the metabolic activity of the
bacteria®. In brief, single strains of R. erythropolis and P. aeruginosa
and their co-cultures were initially cultured in LB media supplemented
with 50% heavy water (99.9 atomic% D, CIL, Inc., USA) for 24 h in
triplicate. After labeling the cells with heavy atoms D, the cultures were
transferred to minimal media without D,0. Different concentrations of
AICI; (0, 0.1, and 1 mM, pH 4.0) were added under sterile conditions.
The cultures were then incubated at 28 °C and 180 rpm for 5 h. Cells
were harvested by centrifugation (13,600 x g, 10 min) at room tem-
perature, washed twice with ultrapure water, and resuspended in
deionized water to disperse cell clusters.

For Raman measurement, 2 pL of cell suspension was loaded on Al
foil and air-dried. Raman spectra were acquired using a LabRAM HR
Evolution microscope (HORIBA Scientific, France) with a 532nm
Nd:YAG laser (laser Quantum), a 100x objective lens (Olympus, NA =
0.9), and a spectral range of 400-3200 cm™. A total of 30 individual
bacteria were randomly selected from each treatment for Raman
measurement. Baseline correction, normalization, and subsequent
Fourier transformation were consistently performed on all measure-
ments using LabSpec6 software (Horiba Jobin-Yvon). The C-D 0, Was
calculated to assess D assimilation, using the integral intensity of the
C-H peak (2800-3100 cm™) and C-D peak (2040-2300 cm™), with
lower C-D .0 indicating higher metabolic activity under Al stress. In
co-culture, the resonance Raman peak of cytochrome C (heme group,
749.95 cm™) was selected as the basis for distinguishing between P.
aeruginosa and R. erythropolis™.

FISH labeling of R. erythropolis
The fresh rhizosphere soil samples were fixed with 320 pL of a 25% (w/
v) particle-free paraformaldehyde solution (4% final concentration)
supplemented with 1x phosphate-buffered saline (PBS). The mixed
suspension was subsequently fixed at 4 °C for 5 h, washed twice with 1x
PBS, centrifuged at 10,000 x g for S5min at 4 °C, and stored in PBS/
ethanol (1:1) at —20°C for further processing. Then, 100 pL of the
stored sample was diluted with 900 pL of PBS/ethanol and dispersed
by ultrasonication for 30 s.

Subsequently, 30 uL of the dispersed sample was mixed with
60 pL of 1x PBS, 10 pL of 0.01% SDS (w/v) and 10 pL of 1% (w/v) low
melting point agarose at 55°C. 10 pL of the sample suspension was
pipetted onto epoxy-coated glass slides (Thermo Fisher Scientific,

Wilmington, USA). The slides were dried in an incubator at 37 °C and
dehydrated using a graded series of ethanol (50% for 5 min, 80% for
1min, and 98% for 1 min). For permeabilization of the cell walls, each
well of the slides with agarose-embedded samples was treated with
10 pL of a lysozyme solution (10 mg of lysozyme, 100 pL of 0.5 M EDTA
(pH 8.0), 100 pL of 1M Tris-HCI (pH 8.0), and 800 pL of ultrapure
H,0). After incubation in a humidified PE tube (50 mL) for1h at 37 °C,
the slides were washed using ultrapure water, and dehydrated. Endo-
genous peroxidase activity was inactivated by the addition of 0.15%
H,0, in methanol.

For in situ labeling, an oligonucleotide probe (sequence: 5’-CY3-
CACCTGCCAGAAAATCCTTGGATCAACTG-3’) was used of R. ery-
thropolis bacteria®. The hybridization buffer was set to a formamide
concentration of 55% (0.9 M NaCl, 20 mM Tris-HCI (pH 8.0), 10% (w/v)
dextran sulfate, 2% (w/v) blocking reagent (Roche, Mannheim, Ger-
many), 0.1% (w/v) sodium dodecyl sulfate, and 55% (v/v) formamide).
Hybridization was performed at 37 °C for 2 h, followed by washing in
prewarmed buffer. The slides were transferred to a tube containing
50 mL of prewarmed washing buffer (3 mM NaCl, 5mM EDTA (pH 8.0),
20 mM Tris-HCI (pH 8.0), and 0.01% (w/v) SDS). The slides were then
treated with 0.05% (v/v) Triton X-100 (Solarbio Science & Technology
Co., Ltd, Beijing, China)-amended PBS for 15 min at room temperature,
rinsed with ultrapure water, and dehydrated with ethanol.

Finally, 10 pL of 4,6-diamido-2-phenylindole (DAPI) was added to
each well and incubated for 8 min in the dark. The labeled sections
were observed using a fluorescence microscope (Nikon Ti-S, Nikon
Co., Ltd, Tokyo, Japan) with excitation at 510-560 nm and emission at
590 nm. Twenty different regions were collected from each sample
and probe, with more than 1000 cells per region.

Soil DNA extraction

Soil DNA was extracted using a previously described method**. Briefly,
extractions were performed from 0.5 g of well-mixed soil from each
sample by combining freeze grinding and sodium dodecyl sulfate for
cell lysis. The crude DNA was further purified by agarose gel electro-
phoresis, followed by consecutive extractions with phenol, chloro-
form, and butanol. The quality of the extracted DNA was assessed
based on the absorbance ratio at 260/280 nm and 260/230 nm using a
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA) and a
Qubit 3.0 spectrophotometer (Thermo Fisher Scientific, USA). All DNA
samples were stored at —80 °C.

Absolute quantification of R. erythropolis, P. aeruginosa, and
rhizosphere bacteria in soil

qRT-PCR was performed in a volume of 20 pL, which contained 10 pL
of 2x SG Fast qPCR Master Mix (Sangon Biotech Co., Ltd, Shanghai,
China), 0.4 L of 10 uM forward and reverse primers, and 2 pL of
template DNA diluted in 7.2 puL of enzyme-free water®. The qRT-PCR
primers were designed and assessed using Primer Premier 6.00 (Pre-
mier Biosoft) software with a melting temperature of 80 +5°C. The
primer pairs used for each gene are detailed in Supplementary Data 3.
The amplified DNA fragments ranged in size from 100 to 300 bp. Using
an external standard method, quantitative data were analysed using
StepOne software (version 2.3, Applied Biosystems, CA, USA). The
abundances of R. erythropolis, P. aeruginosa, and total soil bacteria
were calculated as the average fold difference between the samples
and the respective 10-fold serial dilutions of plasmid standards in their
respective standards®. The bacterial 16S rRNA gene copies number
calculated in this study had been adjusted using the rrnDB database
(https://rrndb.umms.med.umich.edu/)”’. The bacterial abundance is
expressed as the number of gene copies per gram of soil.

Inference of potential metabolic pathways for HHQ
Based on previous literature, we established a potential metabolic
pathway for R. erythropolis to degrade the quinolone compound HHQ,
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which involves multiple steps and a series of enzymes, including qui-
nolone monooxygenase, dioxygenase hydrolase, carboxylesterase,
and ribotransferase (Supplementary Fig. 7). Among them,
alkylquinolone-specific catabolic enzymes (AgdBI, AqdC1, and AgdAI)
are key genes involved in the synthesis of the tryptophan precursor
AA’*. Ribotransferase genes (TrpD and TrpF) participate in the sub-
sequent biosynthesis of tryptophan®. At the same time, tryptophan or
its derivatives play an important role in the synthesis of microbial cell
walls, especially peptidoglycan*®. The main skeleton structure of the
cell wall peptidoglycan is formed by the polymerization of amino
sugars and muramic acid*. The key functional genes PGAM and
UAGCVT nparticipate in the synthesis of N-acetylmuramic acid*’. N-
acetylmuramic acid and N-acetylglucosamine are linked by -1,4 gly-
cosidic bonds under the regulation of MltG, and DacD can regulate the
composition of oligopeptide chains to form a tetrapeptide tail and
further bind to form a peptide bridge structure, making peptidoglycan
have a mesh structure®. The cell wall formed by the aggregation of
peptidoglycan is crucial for maintaining the normal physiological
functions and structural integrity of cells under Al stress*.

Relative quantification of functional genes in R. erythropolis
Nine functional genes and the housekeeping gene gyrB, were identified
to elucidate the impact of tryptophan and HHQ on the metabolism of
quinolone substances, tryptophan production, peptidoglycan synth-
esis, and cell wall peptidoglycan crosslinking in R. erythropolis. The
sequences of the primers used for amplification of related genes are
listed in Supplementary Data 3. The results of primer specificity vali-
dation are provided in Supplementary Figs. 20-23 and Supplementary
Data 4. The nucleotide sequences are presented in Supplemen-
tary Data 5.

Four experimental groups are included: Rh, RP, a mono-culture of
R. erythropolis supplemented with tryptopha (Rh+Trp), and a mono-
culture of R. erythropolis supplemented with HHQ (Rh+HHQ). These
groups were cultivated in minimal media supplemented with 0, 0.1,
and 1mM AICI3, with three replicates for each group at 28 °C and
180 rpm for 24 h. After incubation, the bacterial solution was cen-
trifuged at 13,400 x g and 25 °C, and the cell precipitates were washed
in 100 pL cold TE buffer (10 mM Tris-HCI, 1mM EDTA, pH 8.0) and
stored at -80 °C.

Total RNA extraction, reverse transcription, and qRT-PCR were
performed using previously reported methods®®. Briefly, the cell sus-
pension was thawed and resuspended in 1 mL of TE buffer containing
3mgmL™’ lysozyme for 15min. Total RNA was extracted using the
RNAprep Pure Cell/Bacteria Kit (TIANGEN Biotech Co., Ltd, Beijing,
China). The remaining DNA impurities were digested with 80 pL of
DNase | without RNA, and then, 1 pg of sample RNA was used to syn-
thesize first-strand DNA at 42 °C through a FastKing RT kit (TIANGEN
Biotech Co., Ltd, Beijing, China). The fold change in target gene
expression was analysed by the comparative threshold cycle (CT)
method®. The calculation formula is:

Z_AACT — 2_ [(CTgene of imerest_CTgyrB)smpIeA_(CTgEne of interest _CTgyeB)smpleg] (1)

where sample A is the cDNA sample from each treatment group, and
sample B is the control group. The amplification efficiency of each
primer was detected using LinRegPCR (version 2013.1, Amsterdam,
Netherlands).

Prokaryotic chain-specific RNA-seq analysis

R. erythropolis and P. aeruginosa strains were cultured individually or
co-cultured in minimal media supplemented with O and 0.1 mM AICl;
(pH 4.0) for 24 h. Three parallel experiments were conducted for each
group. After incubation, the cell suspensions were collected by cen-
trifugation at 13,400xg for 5Smin, and all the samples were

immediately transferred to -80°C for total RNA extraction. The
supernatants were passed through a 0.22 pm filter membrane, and
1mL of each liquid was stored at —20 °C for metabolite identification.
Total RNA was extracted from each sample using TRIzol reagent
(Merck KGaA, Darmstadt, Germany) according to the manufacturer’s
instructions.

The quality of the extracted RNA was assessed using a Nanodrop
2000 (Thermo Fisher Scientific, Wilmington, USA) and an Agilent 4200
Tape Station bioanalyzer (Agilent Technologies, CA, USA). Only RNA
samples with an RNA integrity value (RIN) > 7 were selected for cDNA
library construction. The quality-controlled RNA samples were further
processed by using a Ribo-Zero rRNA removal kit (Bacteria; Epicenter,
WI, USA). First-strand cDNA was synthesized using random hexamers,
followed by RNA strand degradation using RNase H. Second-strand
cDNA was synthesized using DNA polymerase 1 and dNTPs. The
remaining overhangs were converted to blunt ends by exonuclease/
polymerase activity, and enzymes were removed using the NEBNext
Ultra IITM directional RNA library Prep Kit for lllumina. The 3’ ends of
the DNA fragments were adenylated, and Illumina PE adapter oligo-
nucleotides were ligated for hybridization.

The cDNA library fragments were purified using the AMPure XP
system (Beckman Coulter, Beverly, USA) to ensure a preferred length
of 400-500 bp. The number of PCR cycles was adjusted to 15, and the
final amplified library was quality checked using a Bioanalyzer
2100 system (Agilent Technologies, CA, USA). An equimolar library
was constructed using the Kapa-sybr FAST qPCR Kit Light Cycler 480
(KK4610) and a reference standard from Kapa Biosystems. Each library
was sequenced in paired-end mode using the TruSeq SBS kit v3-HS
with a read length of 2 x 76 bp on the HiSeq2000 instrument (Illumina)
according to the manufacturer’s protocol for mRNA sequencing
experiments.

The R. erythropolis and P. aeruginosa genomes (GenBank assem-
bly accession numbers: GCA_001715845.1 and GCA_016743035.1) were
used as the reference genome. FastQC was used to evaluate the quality
of the RNA sequencing reads. The raw data in Fastq format were pre-
processed using sickle (version 1.2) by removing adapter sequences,
poly-N, and low-quality reads to obtain clean data*. The expression
levels of transcripts and genes were calculated based on the expected
fragments per kilobase per million reads (FPKM) model of exons.
Differentially expressed mRNAs were detected using DESeq (v1.30.0),
defined as transcripts with a fold change>1.5 and a FDR<0.05. P-
values were calculated using a negative binomial distribution and
corrected for multiple testing by Benjamini-Hochberg (B&H). Weigh-
ted gene co-expression network analysis (WGCNA)*” was performed
using the “clusterProfiler” package in R software 4.0.5. Note that the
cell wall components pathway includes peptidoglycan (ko00550),
arabinogalactan (ko00572), and lipopolysaccharide (ko00571) bio-
synthesis pathway. Network analysis and visualization were carried out
using Gephi software (version 0.9.2).

Metabolite assays

The metabolic compounds produced by R. erythropolis and P. aerugi-
nosa in mono-cultures and co-culture were identified using a single
quadrupole GC-MS system. The bacteria were cultivated in minimal
media supplemented with 0 or 0.1mM AICI; (pH 4.0) for 24 h in tri-
plicate. After incubation, the cell suspensions were collected by cen-
trifugation at 13,400 x g. The supernatants were transferred evenly to
2mL Eppendorf centrifuge tubes. Then, 0.5mL of 3:1 (v/v) metha-
nol:water was added to each tube, and the mixture was vortexed.
Quality control samples were prepared with equal volumes of mini-
mum medium. Subsequently, the supernatants were centrifuged at
12,000 x g for 15min at 4°C, and 350 pL was transferred to glass
sampling bottles. After adding 50 pL of BSTFA (containing 1% TMCS),
derivatization was carried out for 60 min at 70 °C. The derivatized
sample was dried under nitrogen, reconstituted in 500 pL of hexane
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(chromatographically pure), filtered through a 0.22 ym membrane,
and stored at 4 °C.

The derivatives were analysed on an Agilent 7890B gas chroma-
tography system coupled with an Agilent 5977 A single quadrupole
system (Agilent Technologies Inc., CA, USA). The separation of the
derivatives was performed using a DB-5 MS fused silica capillary col-
umn (30 m x 0.25 mm x 0.25 pum, Agilent JW Scientific, Folsom, CA,
USA). The injector temperature was maintained at 250 °C, and a sam-
ple volume of 1pL was injected in splitless mode. The following GC
temperature program was used: the initial temperature was set to
80 °C and held for 1 min, then increased at a rate of 5°Cmin™ over
40 min to 280 °C, held for 10 min at 280 °C, and finally decreased to
80°C and held for 2 min. The temperatures of the ion source and
connector MS were set to 200°C and 285°C, respectively. Mass
spectra data were acquired in Q3 scan mode (m/z 45-800) with a
solvent delay time of 2.5min. The raw GC-MS data (D format) were
converted to a general format (CDF format) using ChemStation ana-
lysis software (version E.02.1431, Agilent, CA, USA). Then, the pre-
processed data were analysed using Chroma TOF (version 4.34, LECO,
St Joseph, MI, USA). The metabolites were characterized using the
National Institute of Standards and Technology (NIST) database.

Production and degradation of HHQ
To examine the production of HHQ by P. aeruginosa and its degrada-
tion by R. erythropolis under both aqueous culture and soil conditions,
five experiments were conducted. In summary, water-based experi-
ments included: (1) mono- and co-cultures of R. erythropolis and P.
aeruginosa in minimal media supplemented with 0.1mM AICl; (pH
4.0); (2) mono-culture of R. erythropolis and mono-culture with an
initial concentration of 20 pM HHQ in minimal media, supplemented
with 0, 0.1, and 1 mM AICl; (pH 4.0); (3-5) pot experiments in natural
and sterilized acidic soil, as well as in a sterilized clay-based system,
with the following treatments: non-inoculation, mono- and co-cultures
of R. erythropolis and P. aeruginosa, inoculation with R. erythropolis and
20 pg L' HHQ. Additionally, an initial HHQ concentration of 20 pg L™
was established to mimic natural soil levels in sterilized conditions.
In experiment 1 and 2, each group was conducted in triplicate,
incubated at 28 °C and 180 rpm for 24 h. The bacterial solution was
centrifuged at 13,400 xg. The HHQ concentration was determined
using a relative quantification method (Supplementary Method 4). For
pot experiment 3-5, three replicates were also maintained, and the
HHQ concentration was measured using an absolute quantification
method (Supplementary Method 5).

Muramic acid concentration in R. erythropolis

The experimental groups included mono-culture of R. erythropolis, co-
culture of R. erythropolis and P. aeruginosa, mono-culture of R. ery-
thropolis supplemented with HHQ, and a mono-culture of R. ery-
thropolis supplemented with tryptophan. These groups were
cultivated in minimum medium supplemented with 0, 0.1, and 1 mM
AICl3, with three replicates for each group at 28°C and 180 rpm for
24 h. The cultured bacterial solution was centrifuged for 10 min at
13,600 xg to remove the supernatant and obtain the bacterial
precipitate.

The bacterial precipitate was dehydrated using a freeze dryer
(FreeZone 4.5, Labconco, USA) to obtain a bacterial powder. Subse-
quently, 0.5g of bacterial powder was placed in a hydrolysis bottle,
and 10 mL of 6 M hydrochloric acid was added and swirled evenly. The
mixture was hydrolyzed at 105°C (in an oven) for 8 h and then vor-
texed and allowed to stand overnight. 0.5 mL of the supernatant was
carefully transferred to a glass test tube, and 100 uL of N-methylglu-
cosamine solution (1mgmL™) was added as an internal standard. The
mixture was dried under a stream of nitrogen, then diluted to 1 mL with
methanol for analysis. After filtration through a 0.22 um membrane,
the concentration of muramic acid in the cell wall was detected using

an AB 5500 liquid chromatography-tandem mass spectrometry (LC-
MS/MS) system (AB SCIEX LLC, MA, USA).

Separation was performed using a Waters Hillc column
(100 mm x 21 mm, 1.7 um, Waters, Milford, MA, USA) with a mobile
phase consisting of 0.1% formic acid in water (A) and acetonitrile (B) at
a flow rate of 0.3 mL min™ and an injection volume of 1 pL. The elution
program was as follows: initially 90% phase B was maintained for
0.5 min, then decreased from 90% phase B to 50% within 6.5 min, fol-
lowed by a maintenance period of 1.5 min. Subsequently, it increased
from 50% phase B to 90% within 0.5 min and balanced for 4 min.

The limit of detection limit (LOD) of the instrument was deter-
mined by external standards (muramic acid) for quantitative analysis,
while internal standard 1 was used for recovery rate and concentration
correction of the samples. The mass spectrometry information of the
external standard muramic acid was as follows: Q1=252.2, Q3 =126.3,
DP=60V, and CE =25 eV (quantification); Q1=252.2, Q3=216.1, DP =
60V, and CE =18 eV (qualitative). The mass spectrometry information
of the internal standard N-methylglucosamine solution was as follows:
Q1=196.4, Q3=58.2, DP=70V, and CE=25eV (quantification);
Q1=196.4, Q3=741, DP=70V, and CE=25eV (qualitative). The
method LOD refers to a signal peak that is three times greater than the
background noise of the instrument. In this study, the LOD of muramic
acid was 0.1 pg g, and the recovery rate was 82.55%-102%.

Simulation of semiflexible molecular docking of the detected
substance

QsdR is the only key transcription factor found in R. erythropolis that
can regulate quorum-quenching (QQ)-lipase, and it can regulate the
expression of pyridine ring oxidation-related enzymes in quinolones®.
MvfR is a typical LysR-type transcriptional regulatory factor in the P.
aeruginosa strain that can regulate the expression of pqsA-E genes to
adjust QS and the expression of multiple virulence factors®. We
obtained the protein structures of 4ZA6 (QsdR; accession
AOAOC2W9FO0) and 6b8a (MvVfR; accession Q914X0) from the UniProt
database. The obtained structures were optimized, dehydrated, and
hydrogenated using PyMOL 2.5 software (Schrodinger Inc., NY, USA).
The 3D structure PDB file of metabolic detection products was gen-
erated using ChemDraw 20.0 (PerkinElmer Inc., CT, USA), followed by
the semiflexible docking mode*® between ligands and receptors per-
formed with AutoDockTools 1.5.7 software. Docking simulations were
conducted a minimum of 100 times using the genetic algorithm to
obtain the predicted binding free energy results. It is generally
believed that a binding free energy less than —4 is the threshold for
ligand binding to receptor proteins, and the lower the free energy is,
the greater the probability of binding. The results of the molecular
docking simulation showed that 2-heptyl-1H-quinolin-4-one (HHQ)
could form stable hydrogen bonds with the amino acid residue TYR-
159 of the QsdR protein, with a binding energy of —7.39 kcal mol?, and
hydrogen bonds with the amino acid residues ASP-264 and LYS-266 of
the mvfR protein, with a binding energy of —6.15 kcal mol™.

Cell wall morphology observation

The experimental groups included mono-cultures of R. erythropolis
and P. aeruginosa, and mono-cultures of R. erythropolis supplemented
with 20 pg L™ HHQ, cultured in minimal media supplemented with O,
0.1, and 1mM AICl3 (pH 4.0) at 28°C and 180 rpm for 24 h. After
incubation, the bacterial suspensions were centrifuged at room tem-
perature (13,400 x g), and the cell pellets were washed in 100 pL of
cold TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) for AFM and SEM
observation.

For AFM observation, the pretreatment method used for the cell
samples was described previously*’. In brief, the cleaned bacterial
samples were fixed in 2.5% glutaraldehyde for 4 h, centrifuged at
6000 x g for 5 min, after which the glutaraldehyde was removed, and
the samples were washed with PBS three times. Then, 50 pL of bacterial
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suspension was transferred onto silicon substrates and dried under
flowing nitrogen for testing. The TESPA-V2 probes (Bruker) with a
standard spring constant of 37 N m™ and resonance frequency in air of
320 kHz were used as imaging probes for AFM experiments in air.
High-resolution scanning probe microscopy (MultiMode 8, Bruker,
Karlsruhe, Germany) was used to observe the samples in tapping
mode, with an average tip sample force of 260-450 pN. The scanning
range was set as 100 nm x 100 nm. The thickness and roughness rate
(R,) of each cell wall were determined by height histograms, and the
mean values and standard deviations of each group were calculated
using paired t tests for data comparison between groups. All 3D images
were created using Nanoscope Analysis software.

For SEM observation, bacterial cells were fixed with 10% for-
maldehyde solution overnight. During the fixation process, the bac-
terial suspension was shaken constantly to ensure sufficient contact
between the formaldehyde solution and the bacterial sample. Then,
the samples were centrifuged at 6000 x g for 5 min, and the bacterial
samples were dehydrated in gradually increasing ethanol solutions
(30%, 50%, 70%, 85%, 90%, and 100%). Each bathing step lasted 10 min,
and the samples were dried until use in a freeze dryer. The samples
were sputter-coated with gold using a JEOL coating machine (JFC-
1100E, JEOL Co., Ltd, Japan), vacuum-dried, observed and photo-
graphed under 30,000x magnification using a field-emission scanning
electron microscopes (Regulus SU8100, Hitachi High-Tech Corpora-
tion, Tokyo, Japan).

Statistics and graphics

The normality assumption and equal variance assumption were eval-
uated using the Kolmogorov-Smirnov test and Levene test, respec-
tively. One-way ANOVA and Tukey’s multiple comparison tests were
performed using GraphPad Prism 9 (GraphPad Software Inc., CA, USA).
Figures were generated using the R 4.2.1 statistical environment
(https://cran.r-project.org/), GraphPad Prism 9, OriginLab 2016, and
Microsoft PowerPoint (Microsoft Office Home and Student 2019).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequence data presented in this paper have been deposited in
the NCBI BioProject database under accession PRJNA1118919. Primers
and genes used in this work are provided in Supplementary
Data 3-5. Source data are provided with this paper.

Code availability
The code for the “clusterProfiler” package is deposited in Github
[https://github.com/mzy492605141/-clusterProfiler-package-.git].
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