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Phosphate-solubilizing bacteria (PSB) are crucial for enhancing phosphorus
bioavailability and regulating phosphorus transformation processes.

However, the insitu phosphorus-solubilizing activity and the link between
phenotypes and genotypes for PSB remain unidentified. Here we employed
single-cell Raman spectroscopy combined with heavy water to discern

and quantify soil active PSB. Our results reveal that PSB abundance and
insitu activity differed significantly between soil types and fertilization
treatments. Inorganic fertilizer input was the key driver for active PSB
distribution. Targeted single-cell sorting and metagenomic sequencing

of active PSB uncovered several low-abundance genera that are easily
overlooked within bulk soil microbiota. We elucidate the underlying
functional genes and metabolic pathway, and the interplay between
phosphorus and carbon cycling involved in high phosphorus solubilization
activity. Our study provides a single-cell approach to exploring PSB from
native environments, enabling the development of a microbial solution

for the efficient agronomic use of phosphorus and mitigating the

phosphorus crisis.

Phosphorusis an essential element for all living organisms. Its limited
global reserves underscore the importance of efficient phosphorus
management in agriculture systems"*. When phosphorus fertilizers
are applied to soils, a notable portion becomes bound to soil parti-
cles due to interactions with the iron and aluminium hydroxides in
acidicsoils, and calciumin alkaline soils’. This creates a pool of residual
phosphorus that far exceeds the requirements for crop growth but is
not readily bioavailable for plant uptake. The non-renewable nature
of geological phosphorus deposits, rising demand for phosphorus
fertilizers and low utilization efficiency have led to the phosphorus
crisis, endangering global food production. Phosphate-solubilizing

bacteria (PSB) are crucial for enhancing phosphorus bioavailability
and regulating phosphorus transformation processes through the
secretion of organic acid and phosphatase enzymes®. Their metabolic
activity inthe native soil habitat significantly impacts the solubilization
efficiency of soil-fixed phosphorus. Understanding the in situ activity
of PSB and their responses to different soil and fertilization types is
fundamental for guiding efficient fertilizer application. Additionally,
integrating this activity with specific taxa and genetic determinants
provides a more comprehensive understanding of the mechanisms
underlying the phosphorus solubilization process and offers insights
for sustainable phosphorus management.
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Bulk techniques, such as metagenomic sequencing, have been
widely used to identify PSB and their functional genes’, providing
valuable insights into the diversity and genetic capabilities of PSB®”.
However, these techniques have limitations in resolving the specific
cellular activities of individual micro-organisms. In addition, a major
portion of microbial diversity (>40%) may arise from dead or dominant
cells, and from extracellular DNA, and not all functional genes can be
actively expressed. These factors constrain the effectiveness of genetic
exploration in fully understanding the phosphorus solubilization
capabilities of soil micro-organisms®.

A single-cell phenotypic approach is promising for directly
elucidating microbial functions in their native habitats in a
culture-independent manner. Fluorescent reporters in conjunction
with fluorescence-activated cell sorting (FACS) can provide a way to
monitor and quantify specific types of functional microbes in envi-
ronments, such as cellulose-degrading bacteria, but are limited in the
type of functions they can report™°. For example, FACS has not been
reported to be able to discriminate PSB in soils. Nanoscale secondary
ion mass spectrometry combined with stable isotope probing offers
an approach to studying functional bacteria in environments by ana-
lysing the assimilated stable isotope at the single-cell level". However,
thismethod is destructive and thus not compatible with downstream
genetic sequencing. Single-cell Raman spectroscopy combined with
heavy water (Raman-D,0) has demonstrated its efficiency in probing
the phenotypictraits of PSB and their phosphorus-releasing activities.
This approachisbased on the finding that PSB were greatly more active
inassimilating D,0 than non-PSBinthe presence of fixed phosphorus.
Theresulting C-D Raman band hasbeen established as abiomarker for
distinguishing PSB, and the intensity ratios can be utilized to quantify
the phosphorus-solubilizing activities of both inorganic and organic
PSB. This method provides astrategic advantage in discriminating PSB
and evaluating their metabolic activity across diverse soil matrices,
enabling a deeper exploration of the factors influencing phosphorus
solubilization processes. The further integration with Raman-activated
single-cell sorting and targeted metagenomic sequencing facilitates
theinvestigation of both taxaand genomic attributes of active PSB'>,
thereby advancing our understanding of the key players and underlying
mechanismsinvolved in phosphorus cycling.

The microbial phosphate solubilization process in soil matrix is
highly intricate and influenced by many factors, including soil types
and fertilization inputs. These factors can impact the stable C:N:P
stoichiometry required by PSB to maintain their activity and growth.
Fertilizers have been found to exert a profound ecological impact on
microbial-driven phosphorus cycling in various terrestrial ecosys-
tems®”'*, Forinstance, Blanes et al. found that using inorganic fertiliz-
ersledtoanincreaseinthe abundance of genes associated with inorganic
phosphorus solubilization'. Additionally, a fertilization-induced
decrease in soil pH hindered the genetic capacity of micro-organisms
to solubilize fixed inorganic phosphorus by altering the composition
of the microbial community". Despite these findings from genotypic
surveys at the population level, it remains unclear how fertilizer appli-
cationinfluences the abundances andinsitu activity of PSBin different
soils, which specific taxa drive the phosphorus solubilization function
andthe underlying metabolic processes. Inaddition, microbial-driven
phosphorussolubilizationis not solely related toinorganic and organic
phosphorus release but also to carbon cycling associated with H" and
organic acid secretion’®. However, our understanding of the interplay
between the metabolic processes responsible for phosphorus solubi-
lization and carbon cycling in the active PSB remains limited.

Inthis Article, we aimed to address these knowledge gaps by exam-
ining the impact of fertilization on active PSB communities across
diverse soil types and elucidating the mechanisms underpinning phos-
phorus solubilization and carbon cycling. To achieve this, single-cell
Raman-D,0 was used to quantify active soil PSB and assess their pheno-
typicresponses, including abundance and in situ activity, to soil types
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Fig.1| Effect of long-term fertilization on soil physicochemical properties.
a-c, Changesinsoil pH (a), Olsen phosphorus concentration (b) and DOC
concentration (c) under different fertilization regimes (CK, IF, CF) in DH, DZ and
QY soils. Data are presented as mean + s.d. of three biological replicates. One-way
ANOVA was used to test the significance: ***P < 0.005; NS, not significant. In

a, QY treatments, P=1x107* (CK versus IF), P=1x 1075 (CK versus CF).Inb, DZ
treatments, P=1.98 x 10~ (IF versus CF); QY treatments, P=1.91 x 10~ (CK versus
IF), P=1.92 x10~* (IF versus CF). In ¢, DH treatments, P =1.08 x 107 (IF versus CF);
DZ treatments, P=1.53 x 10~ (CK versus CF).

and long-term fertilization practices. This phenotypic information was
thenleveraged toidentify the key factor driving microbial phosphorus
solubilization in soil. By further integration with targeted single-cell
sorting and metagenomic sequencing, we elucidated the taxonomic
affiliation of highly active PSB and their genomic determinants. In
particular, some previously unrecognized genera exhibiting a high
phosphorus solubilization capability were identified, and the underly-
ing phosphorus and carbon cycling genes and interplay mechanisms
were clarified. This work contributes to elucidating the metabolically
active PSB within their natural habitat and the associated taxa and
mechanisms, providing animportant guide for the efficient agronomic
use of phosphorus and mitigating the phosphorus crisis.

Results

Change of soil properties across different soil treatments
Understanding the in situ phosphorus solubilization ability of soil
native microbesisimportant to utilize the legacy phosphorus abundant
insoil and mitigate the phosphorus crisis. Here, three types of typical
Chinese soils across northern and southern arable land receiving no
fertilizer (CK), inorganic fertilizer (IF) and acombination of inorganic
and organic fertilizer (CF) were studied. The soil samples from Dezhou
(DZ) and Donghu (DH) were alkaline (pH > 8), and those from Qiyang
(QY) were acidic (pH < 6, Fig. 1a). Application of fertilizer was found
not to affect soil pH. The original Olsen phosphorus concentrations
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Fig.2| Workflow for in situ PSB identification. a, Tracking active PSB through Raman-D,0. b, Analysing PSB through targeted single-cell sorting and metagenomic

sequencing.

in DZ and DH soils were higher than in QY soils. The application of
IF significantly increased (P<0.001) Olsen phosphorus concentration
in QY soils but had no effect on DZ and DH soils. In contrast, the applica-
tion of CF significantly increased Olsen phosphorus concentrationin DZ
and QY soils (P < 0.001), but notin DH soils (P> 0.05, Fig. 1b), indicating
varying phosphorus fixation and mobilization levels in different soils.
Inaddition, application of CF significantly increased dissolved organic
carbon (DOC) concentration in DH and DZ soils (P< 0.05), but not in
QY soils (P> 0.05, Fig. 1c).

Quantification of in situ phosphorus solubilization ability of
soil micro-organisms

Single-cell Raman-D,0 was used to detect the presence of active indig-
enous PSBinthesesoils and quantify their activities to solubilize fixed
phosphorus in a culture-independent way"” (Fig. 2a). The collected
soils were washed with NaHCO, solution to remove Olsen phosphorus
until its concentration was below 2.0 mg kg™ and leave mostly fixed
phosphorus in the soils (Supplementary Table 1). These nearly Olsen
phosphorus-free soils were thenincubated with 200 pl g*D,0 at 27 °C
for16 h;in suchsoils only active PSB capable of solubilizing soil fixed
phosphorus canuse D,O for their metabolism, and display aC-D Raman
band (2,040-2,300 cm™) due to replacement of hydrogen by deute-
rium in the CHx of proteins and lipids. The C-D ratio, calculated as
C-D/(C-D + C-H) (the area of each peak), represents the deuterium
uptake level”. Supplementary Fig. 1ashows the C-D ratios of bacteria
in the original and washed (Olsen phosphorus-free) soils. The activ-
ity (Supplementary Fig. 1a) and abundance (Supplementary Fig. 1b)
of active cells (C-D ratio >8%) in the original soils were significantly
higher than in the washed soils, indicating that only a fraction of soil
cells cansolubilize fixed phosphorus. It was also noticed that eveninthe
original soils, the C-D ratios of soil microbes varied significantly with
soil type and fertilization treatment (Supplementary Fig.1a, P < 0.05),
indicating that the microbial uptake level of deuterium was affected by
the soil substrate pool with varying nutrient levels. To eliminate suchan
effect and allow comparison of PSB across different soils, normalized
C-Dratios were calculated by dividing the C-D ratios from the washed
soils with the average from the original soils (Fig. 3a). Active PSB were
thendiscerned by setting athreshold at 0.5, which was determined by
calculating the mean + 3 x s.d. of normalized C-D ratios of soil bacteria
without incubation with D,O (Fig. 3a)*.

Using the above-defined threshold, the abundance of active PSB
indifferentsoils was calculated. The optimum number of soil bacteria
required for single-cell Raman detection and abundance analysis was
estimated, takinginto consideration the trade-off between statistical
accuracy and calculation time. Over 600 single-cell Raman spectra
were detected from each soil sample (a total of -5,400 spectra for all
samples); fromthese, atotal of 200 single-cell spectrawere randomly
selected fromeach treatmentto calculate the percentage of PSB (Sup-
plementary Fig. 2). With the increase in sample size, the variation of
PSB percentage decreased until it reached a plateau for a sample size
of 100 (red lines), indicating 100 single cells were appropriate for
calculating the abundance of active PSB in a complex soil microbial
community. The abundance of active PSBin nine soil samples was cal-
culated and found to be dependent on both soil type and fertilization
regime (Fig. 3b). DZ soils without fertilization treatment were found
to contain the most abundant PSB, followed by QY and DH. Inaddition,
fertilizer application, especially IF, further led to an increase in the
active PSB abundance in DH and DZ soils (P < 0.001). However, in QY
soils, aslightdecreaseinactive PSB was observed under IF and CF treat-
ments (P<0.05, Fig. 3b). Because the ability of soil micro-organisms
to mobilize fixed phosphorus is associated with both the abundance
of PSB and their metabolic activities, these two parameters were mul-
tiplied to quantify the phenotypic microbial phosphorus solubiliza-
tion efficiency (Fig. 3c). A similar trend of phosphorus mobilization
efficiency to that of PSB abundance was observed but with a larger
variation, indicating the highly varying activity of individual PSB cells
in these soils. In addition, the effect of fertilization on the microbial
community in three soil types was also investigated. IF treatment was
found to greatly increase the abundance of some potential PSB and
microbialinteractionsin comparisonwith CK and CF treatment (Fig. 3),
partly consistent with the Raman detection. These resultsindicate that
tailored fertilization of soils can promote microbial mobilization of
soil fixed phosphorus.

Tofurtherinvestigate the potential factors affecting the microbial
phosphorus solubilization function in different soils, the correlation
of the phenotypic PSB indexes with Olsen phosphorus and DOC in
soils was analysed (Supplementary Figs. 3 and 4). The percentage of
PSB was found to be positively associated with low concentrations
of soil Olsen phosphorus (10-35 mg kg™, CK and IF treatments) in DZ
and DH soils (Supplementary Fig. 3a) but negatively correlated with

Nature Food


http://www.nature.com/natfood

Article

https://doi.org/10.1038/s43016-024-01024-8

a
DH Dz Qy
2.5 ' '
; il | NS
8 204 | XL .
[ NS ' NS vy
Q S L
o 1] R
e} ' N . ' ’ . S
@ I A [

5 107 R SR
g W S
o ! § !

CK IF CF CK IF CF CK IF CF
b
&
o
[%2]
o
k]
Q
D
©
€
[9]
o
[5)
o
CK IF CF CK IF CF CK IF CF
C
DH DZ QY

0.6 1
0 >
EO
25
32 044
2=
£2
0.9
2w
25 024
g=
!
£ 0
o n

0 -

CK IF CF

CK IF CF CK IF CF

Fig. 3| Evaluation of phenotypic microbial phosphorus solubilization of
soils. a-c, The normalized C-D ratios (a), PSB percentage (b) and phenotypic
phosphorus solubilization efficiency (c) in DZ, DH and QY soils. The grey dashed
lineat 0.5 represents the threshold for distinguishing PSB and non-PSB; this is
determined as the mean +3 x s.d. of the cell without D,0 addition (deuterium
free).Ina, n =200 single-cell Raman spectra.Inb,c, data are presented as

mean + s.d. of three biological replicates. One-way ANOVA was used to test the
significance: *P < 0.05,**P < 0.005.In a, DZ treatments, P=3.00 x 10™* (CK versus
CF),1.00 x 107 (IF versus CF). Inb, DH treatments, P= 3.29 x 10 * (CK versus

IF), P=3.07 x 107 (IF versus CF), P=7.33 x 102 (CK versus CF); DZ treatments,
P=2.87 x10"(CK versus IF), P= 6.12 x 102 (IF versus CF); QY treatments,
P=4.23x10"2(CK versusIF), P=2.90 x 10 (IF versus CF), P=3.00 x10™*

(CK versus CF).In ¢, DH treatments, P=1.00 x 10~ (CK versus IF), P=2.01 x 107
(IF versus CF), P=4.27 x 107 (CK versus CF); DZ treatments, P=7.70 x 10~ (CK versus
IF), P=4.05 x 1073 (IF versus CF); QY treatments, P=4.97 x 102 (CK versus IF).

high Olsen phosphorus concentrations (35-70 mg kg™, CF treatment)
in these soils (Supplementary Fig. 3b). However, in QY soils, a nega-
tive correlation between Olsen phosphorus and PSB abundance was
observed for both low and high concentrations of Olsen phosphorus
(Supplementary Fig. 3c). Furthermore, phosphorus solubilization
efficiency was associated with Olsen phosphorus in DZ and DH soils
but not in QY soils (Supplementary Fig. 3g-i). The different results
obtained for alkaline (DH and DZ) and acidic (QY) soils indicated that
pHwas animportant factor affecting microbial phosphorus solubiliza-
tion, and the influence of Olsen phosphorus on phenotypic phosphorus

solubilization function was dependent on both soil type and fertiliza-
tionregime. Significant negative relationships were observed between
the abundance of active PSB and DOC in QY soils and in both DH and
DZ soils treated with IF and CF (P< 0.05; Supplementary Fig. 4b,c). In
contrast, PSB activity was positively correlated with DOC only in DH
and DZ soils with CK and IF treatment (Supplementary Fig. 4d). In
most other cases, no significant correlation was observed (P> 0.05;
Supplementary Fig. 4a,d-f,g-i).

Targeted sorting and identification of highly active
indigenous PSB in soils

Non-destructive Raman detection enables single-cell sorting and
targeted metagenomic sequencing of cells of interest, providing away
tolink the phosphorus negative solubilization function to the specific
taxaand the underlying mechanisms (Fig. 2b). A single-cell laser ejec-
tion method was used to sort out highly active PSB (H-PSB) with nor-
malized C-Dratios >1.2 (top 7%). A total of 60 single H-PSB (20 single
cellsfrom each soil type) were sorted and sequenced. The dominant
phylainthe sorted cells belonged to Firmicutes, Proteobacteriaand
Acidobacteriota (Fig. 4a). All the sorted PSB phyla (post-sorting) can
befoundinthebulk soil communities through16S rRNA gene sequenc-
ing (pre-sorting), demonstrating their prevalence in the original
bulk soil (Fig. 4a). Calculation of the relative abundance revealed
that the sorted phylum of Firmicutes was present at a relatively low
abundance in the initial DH (0.58%) and DZ (0.38%) soils, while they
were remarkably enriched by 186- and 115-fold in the sorted frac-
tions. The other two dominant phylain the sorted fraction were also
enriched (Fig. 4a), indicating that these phyla played a more impor-
tant role in solubilizing fixed phosphorus in native soils. A further
taxonomic identification revealed the sorted active PSB at the spe-
cieslevel, including Bacillus marmarensis and Bacillus pseudofirmus
in DH soils, Moraxella osloensis in DZ soil, and Stenotrophomonas
maltophilia and Cutibacterium acnes in QY soil (Fig. 4b). These spe-
cieshave been previously reported as typical PSB or able to solubilize
fixed phosphorus”*, supporting the result of Raman identification of
phenotypic PSB. Itis noteworthy that Bacillus and Propionibacterium
sorted from DZ and QY soils, respectively, belonged to an uncultur-
able genus, suggesting the existence of these efficient PSB is worth
further exploration.

Genetic basis and metabolic pathways of phosphorus and
carbon cycling interplay

The sorted fractions were further investigated to understand the
genetic basis underlying the phosphorus solubilization function and
the associated metabolism pathways. In DZ-sorted metagenome, one
typical gene encoding inorganic phosphorus solubilization (ppa,
Supplementary Fig. 5) and five genes encoding organic phosphorus
acquisition, including glucose 1-dehydrogenase (pgq), lysophos-
pholipase (hch), phospholipase A2 (hsa), phospholipase C (ppp) and
glycerophosphodiester phosphodiesterase (gly), were found (Sup-
plementary Fig. 6), suggesting that H-PSB in DZ soils possessed the
genetic capability to recycle phosphorus from soil organic matter,
especially from phospholipid and glycerophospholipid. Due to the
incomplete bacterial genome from the sorted PSB and the limited
number of phosphorus-cycling-related genes, we elected to search
seven genomes from the NCBI database that are phylogenetically
congruent with our sorted bacterial samples, which facilitated the
prediction of genes involved in phosphorus cycling. These genomes
were annotated against the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database, and a total of 24 genes associated with phosphorus
metabolism were identified, including genes related to phosphorus
solubilization, mineralization, regulatory functions and transporters
(Fig. 5a). This finding suggests that these bacteria possess complete
genetic pathways involved in the unlocking of fixed phosphorus. Our
analysis revealed that C. acnes and M. osloensis had the potential to
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Fig. 6 | Effect of PSB addition on wheat growth and soil physicochemical
properties. a-c, The above-ground fresh weight (a), root fresh weight (b) and
plant height (c) were measured to illustrate the effect of PSB addition on wheat
growth. d, Soil Olsen phosphorus concentrations were detected to examine the
effects of PSB addition on releasing soil fixed phosphorus. The pot experiments
included two treatments without (CK) and with addition of three sorted PSB (SP).
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asmean +s.d. A two-sided unpaired ¢-test was used for statistical significance
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a-d, respectively.

dissolve fixed inorganic phosphorus, while Enhydrobacter aerosaccus,
S. maltophilia, Bacillus okhensis, B. pseudofirmus and B. marmarensis
possessed the capacity to release both fixed organic and inorganic
phosphorus.

Inaddition to the phosphorussolubilization genes, carbon catabo-
lismwas also reported to participate in the inorganic phosphorus solu-
bilization process. Forinstance, the anaerobic metabolism of glucose is
followed by the synthesis of small molecule organicacids, which canbe
involved in the solubilization of fixed inorganic phosphorus®. Here, a
total of 22 functional genes involvedin catabolism were identifiedin the
sorted active PSB cells (Supplementary Fig. 5). Among them, the sorted
cells contained genes related to pyruvate and purine metabolism, such
as pyk, adk,guaA, pps, purK, purE and guaA. Meanwhile, the DZ sorted
cells contained genes participating in pentose phosphate (prsA, gnl),
oxidative phosphorylation (ppa), purine (adk, guaB, purH, ndk, spoT,
purA, purD, purT, nrdD), pyruvate (pyk, pps) and pyrimidine (thyA,
ndk, dcd, pyrF) catabolic pathways. All the sorted H-PSB communities
contained genes encoding enzymes involved in the degradation of
carbonsubstrates (Fig. 5b). For example, genes encoding hemicellulose
and pectin degradation were detected in all sorted H-PSB cells, genes
encoding cellulolytic and ligninolytic enzymes were found in DH and
DZ sorted cells, and genes encoding starch-degrading enzymes were
found inthe DZ sorted H-PSB community.

To gain a deeper understanding of the relationship between
phosphorussolubilization and carbohydrate metabolism, itisimpor-
tant to recognize the core metabolism that contributes to microbial

phosphorus solubilization. By annotating metagenomes of the sorted
PSB against the KEGG database, the core metabolic pathways involved
in carbon metabolism and the tricarboxylic acid cycle in the sorted
H-PSB cells from the DZ, DH and QY soils are summarized in Fig. 5c.
The carbohydrates serving as energy sources can be directly oxidized
toglucose and ketones, which can thenbe further oxidized to produce
ATP and proton*?°, thereby contributing to dissolution of inorganic
fixed phosphorus.Inaddition, enzymes, such asNADH dehydrogenase,
cytochrome coxidase, cytochrome bcl complex and ATPase, also play
acriticalrolein generating and transferring H" out of cells, accelerating
inorganic phosphorus solubilization®.

H-PSB-promoted wheat growth and soil phosphorus
solubilization

Based on the genetic profiles of sorted H-PSB (SP), strains of
M. osloensis, B. okhensis and E. aerosaccus were selected to construct
asimple synthetic community to investigate their effects on wheat
growth. Itis important to note that our selection of bacterial strains
was contingent upon the availability of pure cultures or closely related
organisms®.In pot experiments, SP inoculation significantly increased
above-ground fresh weight, root fresh weight and height by 285.2%,
171.8% and 125.4%, respectively (Fig. 6a—c, P < 0.05). Additionally, incu-
bationwith SPsignificantly increased the Olsen phosphorus concentra-
tion by 25.9% (Fig. 6d, P < 0.005).

Discussion

Application of the single-cell method in the microbial
solubilization of soil phosphorus

Solubilization of the large amount of soil fixed legacy phosphorus by
PSB is an effective strategy for sustainable use of phosphorus; how-
ever, identifying and quantifying metabolically active PSB inhabiting
different soils, and elucidating the underlying genetic functions, are
still big challenges. Single-cell Raman-D,0 has been previously demon-
strated tobe able to detect PSBin one type of soil, but thereisalack of
standard methods for quantifying the abundance and activity of PSBin
different soil types. Here, by standardizing a discrimination threshold
based onthe normalized activity of bacteriain Olsen phosphorus-free
soils against thatin original soils, single-cell Raman-D,0 was proposed
to identify and quantify active indigenous PSB across different soils.
Thisapproach provides valuable insightsinto the insitu activity of PSB
and their responses to soil types and fertilization. Further targeted
single-cell sorting and metagenome sequencing of highly active PSB
insoils provided a direct link between the phenotype and genotype
responsible for microbial phosphorus solubilization. Specifically, it
revealed key taxa, including some unculturable PSB genera with low
abundances in soil microbiota, and uncovered a complex interplay
between phosphorus and carbon cycling genes. This study advances
our understanding of soil active PSB within complex soil communities
and offers a promising microbial approach to mobilizing soil legacy
phosphorus.

Compared to previous genome-centric sequencing that can
only assess the potential function for phosphorus solubilization
by quantifying the abundance of phosphorus functional genes (for
example, gcd, phod, pstA)*"*~, thiswork provides a direct in situ phe-
notypic evaluation of microbial phosphorus solubilization function.
It also provides a direct identification of the key taxa and genotypes
involved in the phosphorus cycle compared to previous correlation
analyses between PSB genotypes and phenotypes™. Inaddition, com-
pared to bulk methods such as metagenomic sequencing and DNA
stableisotope probingtechniques, which struggle toresolve bacteria
at low abundances, single-cell Raman sorting demonstrated its abil-
ity to meet this challenge’. These findings illustrate the importance
of applying function-driven single-cell approaches to identify key
functional micro-organisms in the soils that may be overlooked by
bulk genome-based approaches.
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Responses of phosphorus solubilization to soil and
fertilization

Raman phenotypic characterization revealed that the abundance
and phosphorus solubilization efficiency of PSB varied in three soils
with three long-term fertilization treatments. In particular, PSB abun-
danceswereincreasedin DZ and DH soils (pH > 8) under IF treatments
but decreased in acidic QY soils (pH < 6). Factors including pH, Olsen
phosphorus level and DOC were revealed to influence the microbial
phosphorus solubilization in different soils.

The decreased abundance of PSB in IF-treated QY soil could
be due to the exacerbated soil acidification after long-term addi-
tion of chemical fertilizer. This is consistent with previous reports
that found a remarkable reduction in the relative abundance of
phosphorus-solubilization-related genes with decreasing pH’. In
QY soils, low pH has been assumed to be the most common limiting
factor for bacterial growth. Additionally, the extra nutrientinput from
fertilization could activate the originally dormant micro-organismsin
QY soils (Supplementary Fig. 1), resulting in a decrease in the relative
abundance of PSB (Fig. 3b).

Olsen phosphorus was revealed to have different effects on PSB
abundance dependingon fertilization regime. The presence of Olsen
phosphorus was positively correlated with the abundance of PSB in
DZ and DH soils with CK and IF treatments, reinforcing the previous
view that phosphorus bioavailability regulates the biogeochemical
cycle of element®. Examination of trait-based microbial strategies
when no organic matter isinputindicates that microbes are driven to
capture more resources for their own catabolism. For example, more
micro-organisms are selected to produce extracellular enzymes to
break down complex resources with increasing organic acid secre-
tion***>, which enhances phosphorus solubilization. In contrast, nega-
tive correlations between PSB abundance and soil Olsen phosphorus
were foundin DZ and DH soils after organic fertilization. The absence
of resource limitation favours a high-yield strategy by soil microbes®®.
This strategy allows microbes to maximize resource uptake by allocat-
ing the added Olsen phosphorus to invest in associated assimilatory
pathways, such as the synthesis of amino acids, nucleotides and fatty
acids, rather thanresource acquisition in which microbes are selected
for catabolism processes™. In addition, we found that soil bacterial
community associations were more tightly linked in IF treatment, indi-
cating cooperative and synergistic interactions among community
members (Supplementary Fig. 7). These complementary activities
within the community can improve overall phosphorus solubiliza-
tion efficiency. Previous studies using metagenomic sequencing
have also demonstrated that soil Olsen phosphorus is a main factor
determining microbial phosphorus solubilization®’. However, the
PSB activity inthe three soils remains affected by Olsen phosphorus
concentrations (Supplementary Fig. 3d-f). This suggests that PSB
may be utilizing alternative sources of phosphorus (for example,
organic compounds) or are not limited by the available phosphorus
concentrations. In addition, bacteria have developed mechanisms
to maintain their metabolic activity even under low-phosphorus
conditions by enhancing their capability to secrete organic acids
and enzymes™,

Soil DOC has previously been regarded as another main factor
determining microbial phosphorus solubilization according to the
genotype of micro-organisms™. In this study, a negative correlation
between PSB abundance and DOC levels was observed in the IF- and
CF-treated soils (Supplementary Fig. 4b,c), indicating that high car-
bon input could decrease the abundance of active PSB. One possi-
ble explanation is that elevated soil DOC may stimulate the growth
of micro-organisms engaging in resource competition with PSB. In
addition, in most cases except DH and DZ with CK and IF treatment
(Supplementary Fig.4d), no significant relationship was found between
soil DOCand either PSB activity or phosphorus solubilization efficiency
(P> 0.05; Supplementary Fig. 4e-i). These findings suggest that the

applicationof additional organic fertilizer does not necessarily enhance
microbial phosphorus solubilization functions in these contexts.

The above findings about the impact of soil parameters on PSB
abundance and efficiency provide tailored guides to the needs of
different soils. For example, in acidic soils, lime application could be
abeneficial management strategy to optimize microbial phosphorus
solubilization function. In addition, organic fertilizer is not necessary
and should be controlled in soils when considering the phosphorus
solubilization capabilities of soil microbiome. Further testing in diverse
agricultural settings is necessary to apply these findings.

Active PSBin native soils and phosphorus mobilization
strategy

Thenon-destructive Raman approach enables downstream single-cell
sorting and targeted metagenomic sequencing of H-PSB in soils. The
identified H-PSB taxa included B. marmarensis, B. pseudofirmus,
M. osloensis, S. maltophilia and C. acnes spanning three phyla: Firmi-
cutes, Acidobacteriaand Proteobacteria (Fig. 4). Inaddition, although
the majority of the sorted bacteria have been previously reported as
inorganic PSB??, this appears to be the first time that their in situ
phosphorus solubilization activity in soils has been demonstrated.
This study also identified three H-PSB affiliated with uncultured bac-
teria, that is, g Bacillus, g Propionibacterium and D_Bacteria. Here,
grepresents genus and D represents domain. These PSB represent
important beneficial microbial resources that are worth further explo-
ration. Additionally, the identified H-PSB were found at low abundance
inbulk soil communities; low-abundance species are increasingly being
recognized asimportant drivers of biogeochemical cyclingin terrestrial
ecosystems*,

The metagenome of the sorted PSB also sheds light onthe genetic
basis and functional traits in relation to phosphorus and carbon
metabolism. Typical genes encoding inorganic phosphorus solubili-
zation and organic phosphorus mobilization enzymes were detected
(Supplementary Figs.5and 6), supporting their role inmobilizing both
recalcitrantinorganic and organic phosphorus. In addition, we found
several carbon-cycling-related genes that encode enzymes associ-
ated with the degradation of cellulose, hemicellulose, lignin, starch
and pectin, indicating that the sorted PSB can produce protons for
solubilizing recalcitrant forms of phosphorus through hydrocarbon
degradation, suchasorganic carbon compound oxidation. The protons
produced as the by-products of hydrocarbon metabolism canbe trans-
ferred tothe extracellular space through electrontransfer mediated by
cytochrome bcl and cytochrome c oxidase**?. This revealed the role of
carbon-cycling processes in phosphorus solubilization that has rarely
been analysed in previous studies. Among the three metagenomes
analysed, the genome of sorted PSB from the DZ soil contained genes
encoding the catabolismof abroad spectrum of carbon sources (Fig. 5b
and Supplementary Fig. 5), suggesting they have great potential to
exploit nutrient sources. Microbes with a broader catabolic capacity
may, therefore, become strong candidates for long-term survival and
phosphorus solubilization activity in the soil. This is attributed to
the fact that microbial communities exhibiting a strong capacity for
resource acquisition tend to be selected, leading to enhanced coloni-
zation ability even in challenging soil conditions, as proposed by the
optimal foraging theory*. This finding suggests that DZ-PSB holds
potential for the development of advanced biofertilizers.

Overall, the above phenotypic and genotypic findings about active
PSBinsoils offer practicalimplications for mobilizing soil legacy phos-
phorus to improve phosphorus availability through two sustainable
strategies. The first strategy is to stimulate native soil PSB to actively
release fixed phosphorus through tailored agricultural management.
The deciphered responses of PSB abundance and activity to differ-
ent soil types and fertilization treatments together with the driving
factor contribute substantially to guiding this strategy. The second
strategy involves selecting and inoculating a specific set of bacterial
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species that are customized to the needs of different soils to improve
phosphorus availability. The presented function-driven single-cell
approach advanced the discovery and utilization of indigenous active
PSBresources. Remarkably, theinsitu high activity of Raman-identified
PSB within the original soils suggests these bacteria are potentially
more effective at colonizing and then facilitating phosphorus solubi-
lization when reintroduced into soils. This advantage is notable com-
pared with PSBisolated through conventional culture-based methods,
which may thrive in artificial culture mediums but fail to colonize
and function effectively in soil environments. We demonstrated that
wheat plantsinoculated with Raman-identified PSB exhibited greatly
enhanced growth, confirming their effectiveness in practical appli-
cations. It should be noted that these strategies are not limited to
agricultural systems to enhance crop growth, but can be also applied
to other human-managed ecosystems, such as urban grasslands and
remediation of degraded soil to offer asustainable way to reduce phos-
phorus usage and mitigate the global phosphorus crisis.

Potentials of integrating active PSB in sustainable agriculture
practices

In the future, one important research area is to culture the Raman-
sorted functional microbes (for example, highly active PSB in soils) and
develop synthetic microbial communities (SynComs) to fully leverage
the soil and plant indigenous microbiomes for sustainable agricul-
tural production. This can be achieved by advancing high-throughput
living cell sorting systems and integrating them with high-throughput
cultivation systems toimprove cultivation rates**. Moreover, directly
identifying the genomic content of functional bacteria enhances our
understanding of their metabolic pathways and nutrient require-
ments. This information is crucial for cultivation, particularly for
the majority of functionally important but currently unculturable
microbes. It should be noted that, in addition to PSB, this activity-based
single-cell approachis in principle applicable to other soil-beneficial
micro-organisms important for crop growth, such as potassium/
silicon-solubilizing and drought/salt-tolerant bacteria, by applying
alternative abiotic stresses. The constructed SynComs consisting of
multiple microbial species with distinct functions and metabolicinter-
actions are expected to be more competent and adaptable to specific
environments. Theseinsights canbeintegrated together to formulate
effective strategies that leverage natural microbial processes to restore
soil fertility, and enhance soil health and crop productivity. Another
effort should focus onimproving the throughput of single-cellRaman
sorting techniques and gene amplification quality to obtain more com-
prehensive metagenomic insights into H-PSB.

In conclusion, we employed a function-driven single-cell Raman
approach to discern, quantify, sort and sequence active PSB in native
soils across a wide range of soil types and fertilization regimes. The
in situ behaviour of PSB in solubilizing phosphorus in soils and its
directlink with key PSB taxaand genes involved in phosphorus and car-
bon cycling responsible for phosphorus solubilization were revealed.
This work advances our understanding of soil active functional PSB
pools and their roles in soil ecosystems. In the future, single-cell
Raman-guided cultivation combined with SynComs will help to
harness the power of microbial resources for asustainable agriculture.

Methods

Soil sample collection

In this study, nine different soil samples were collected from three
long-term field experiments in Hunan (QY), Zhejiang (DH) and
Shandong (DZ) provinces in China. These experiments utilized three
different fertilization treatments: without fertilization, inorganic
fertilizer, and a combination of organic (pig manure) and inorganic
fertilizers. Additional information about the long-term fertilization
ofthe soils can be found in Supplementary Table 2. Soil samples were
collected from the top layer of soil, which was less than 15 cm deep,

and three replicates were collected for each soil type. The soils were
then air-dried in the dark and sieved using a 0.6 mm sieve to remove
larger particles.

Analysis of soil properties

Soil pH and bioavailable nutrients (that is, DOC, Olsen phosphorus)
were detected to understand the comprehensive effects of different fer-
tilization regimes onsoil systems. The pH of the soils was determined by
measuring the pH of soil suspensions at asoil/water ratio of 1:1.25 (w/v).
Thestudy used a total organic carbon analyser (TOC-LCPH, Shimadzu)
todetectsoil DOC at asoil/water ratio of 1:1.5 (w/v). Soil Olsen phospho-
rus was measured using the molybdenum-blue colorimetric method,
which involved extracting the nutrient using aNaHCO, solution®.

Active PSB extraction

To prepare the soil for analysis without bioavailable phosphorus, we
added1g of soil to 30 ml of 0.5 mol I NaHCO; solution, which was then
incubatedat25°Cand 180 r.p.m.for 6 h. Afterincubation, the solution
was centrifuged at 6,000g for 3 min to remove the supernatant and
reserve the soil micro-organisms. This washing process was repeated
three to five times until the concentration of Olsen phosphorus was
low in the final supernatant. The washed soils were then air-dried at
roomtemperature. We also weighed the soils before and after drying
to calculate soil moisture. To extract soil bacteria, a certain volume of
D,0 was added to the soil, and the final D,O content reached 20% of
the soil moisture. Further extraction of soil bacteria was performed by
Nycodenz density-gradient separation*. Specifically, 1 g of soil sample
was homogenizedin 5 mlof phosphate-buffered saline solution (PBS,
containing 8 gl NaCl, 0.2 g1 KCI, 1.44 g Na,HPO, and 0.24 g I"!
KH,PO,) amended with 25 pl of Tween 20. The slurry was vigorously
vortexed for 30 min to detach soil-associated bacteria. The solution
was thenaddedtothe top of 3 mlof Nycodenzsolution (4 g of Nycodenz
dissolvedin 5 ml of sterile water) and centrifuged at 14,000g for 60 min.
Thebacteria-containing layer was carefully collected into a new tube,
and the collected bacteria were washed twice with ultrapure water
at 5,000 r.p.m. for 3 min to remove residual PBS and other reagents.

Single-cell Raman measurement and cell sorting

To perform Raman measurements, 2 pl of as-prepared soil micro-
organisms were loaded onto an aluminium foil sorting chip and
air-dried at room temperature. We used a LabRAM Aramis confocal
Raman microscope (HORIBA Jobin-Yvon), equipped witha300 groove
per mmgrating, al00x objective (Olympus; numerical aperture, 0.09),
and a532 nm Nd:YAG laser (Laser Quantum) to acquire Raman spectra.
Each cell was typically exposed for 9 s for Raman spectraacquisition. To
evaluate the metabolic activity of the cell, which quantitatively evalu-
ates the ability of microbial phosphorus solubilization, we calculated
the Raman C-D ratio'. To preprocess the obtained Raman spectra,
we performed baseline correction using LabSpecS5 software (HORIBA
Jobin-Yvon). Theintensity of the Raman band was calculated from the
area of the peak. The Raman C-D ratio was calculated by dividing the
intensity of the C-D peak (2,040-2,300 cm™) by the sum of the C-D
peak and the C-H peak (2,800-3,100 cm™).

We considered bacteria from free bioavailable phosphorus soils
containing an obvious C-D band as PSB*. To obtain targeted single
PSB, we used active cell laser ejection witha PRECISCS (HOOKE Instru-
ments). We sorted PSB from three soil samples, and 20 targeted PSB
of each soil sample and one control ejection without any bacteria
were sorted into a receiver. We then transferred the cells to a 200 pl
tube containing cell lysis buffer (QIAGEN), and lysed the sorted cells
at 65 °C for 10 min. We amplified the DNA of lysed cells using multiple
displacement amplification with Phi29 DNA polymerase (QIAGEN).
We checked DNA quality by PCR of the 16S rRNA gene (primer: 515
F-GTGYCAGCMGCCGCGGTAA, 907 R-GGACTACNVGGGTWTCTAAT)™.
We sequenced only samples with a positive PCR result in sorted DNA
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and anegative resultin the control treatment using an lllumina HiSeq
X-Ten sequencer (Majorbio).

Mini-metagenome sequencing and analyses

We generated 12 gigabases of sequencing data for each sample. In
total, 36 gigabases of data were obtained. To ensure data quality, we
eliminated clean reads with alength of less than 50 bp and an average
quality score lower than 30 using Fastp. The remaining cleanreads were
assembled using IDBA-UD with default parameters*’. We clustered the
contigs using CD-HIT with 90% identity and 90% coverage*®. The read
counts of each predicted open reading frame were calculated using
htseq-countv.0.6.1withthe ‘intersectionstrict’ parameter, and normal-
ized by sequencing depth and openreading frame length, which were
expressed asRPKM (reads per kilobase million) values**°. The contigs
were queried against the NCBI nr database using DIAMOND. Metabolic
pathways and carbohydrate hydrolases in each mini-metagenomics
were annotated by BLASTP against the KEGG and CAZy databases,
respectively®*%. To analyse the phosphorus-cycling-related functional
genes within the sorted H-PSB, we acquired the complete genomes
of bacterial strains that fall within the sorted bacterial category from
the NCBIl database. Subsequently, we constructed a phylogenetic tree
using FastTree v.2.1.10°%. To identify the phosphorus-cycling-related
genes, we performed a sequence alignment against the KEGG database.
This alignment was carried out using BLASTP with a stringent E-value
threshold of <107°.

Soil DNA extraction and high-throughput sequencing

We extracted soil DNA using the DNeasy PowerSoil Kit (QIAGEN) fol-
lowing the manufacturer’s instructions. The concentration of soil
DNA was determined using a Qubit 4 Fluorometer. We sequenced the
bacterial 16S rRNA genein the V4 region using an lllumina MiSeq PE300
platform (Majorbio). To analyse the sequencing data, we used Quanti-
tative Insights Into Microbial Ecology (QIIME v.1.9.1)**. High-quality
sequences were assigned to operational taxonomic units (OTUs) using
UCLUST based onasimilarity threshold of 97%. We assigned representa-
tive OTUs using the PyNAST aligner based onthe SILVA database v.132%,
The raw reads of nine amplicons and three mini-metagenomics were
depositedinthe NCBIsequence Read Archive.

Preparation of PSB suspension and pot experiments

Three PSB strains of M. osloensis, B. okhensis and E. aerosaccus were
purchased from BioWB. Each strain was cultured in 50 ml of LB liquid
medium and incubated at 30 °C. Upon reaching an OD, of 0.8, the
cultures were washed three times with ultrapure water to remove
residual media. A mixed bacterial suspension was prepared by combin-
ing equal volumes of each bacterial culture. For the pot experiments,
10 ml of the bacterial suspension was inoculated into the root zone
of each pot using a sterile syringe. Wheat seeds (Zhoumai 22) were
surface-sterilized with 10% hydrogen peroxide for 15 min and vernal-
ized at4 °Cfor 48 h.Each pot contained 500 g of unfertilized soil from
Dezhou, which had been washed five times with 0.5 MNaHCO, solution
and ultrapure water to reduce Olsen phosphorus concentrations. The
potswereplacedinagreenhouse, and the experiment was conducted
over aperiod of 30 days.

Statistical analyses

Shapiro-Wilk analysiswas applied totest for normality. One-way analysis
of variance (ANOVA) and ¢-tests performed with GraphPad Prism 5
and Excel 16.83 were used for all statistical examinations,and a Pvalue
<0.05 was considered significant. Adobe Illustrator 2024 and
Origin 2021 were used for data visualization.

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 reported in this paper have been uploaded to
the NCBI nr database under accession number PRJNA1090601. The
relevant data are available within the Article and its Supplementary
Information. Source data are provided with this paper.
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Data collection  Single-cell Raman spectra were collected by LabSpec 5.

Data analysis Fastp, IDBA-UD, CD-HIT, htseqg-count v0.6.1, DIAMOND, BLASTP were used for metagenome analyses. R software (3.6.1) R packages used:
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Ethics oversight
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Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

In this study, we used single-cell Raman-D20 to discern and quantify soil active phosphate solubilizing bacteria (PSB) across various
soil types and fertilization regimes. We quantified the abundance and activity of active PSB, analyzing a total of 5400 spectra from all
samples. Further targeted single-cell sorting and metagenomic sequencing of active PSB uncovered several novel, low-abundance
genera that are easily overlooked within bulk soil microbiota. This study provides a new single-cell approach to exploring PSB from
native environments, enabling the development of microbial solutions for sustainable phosphorus utilization in agriculture.

In this study, nine different soil samples were collected from three long-term field experiments in Hunan (QY), Zhejiang (DH), and
Shandong (DZ) provinces in China. These experiments utilized three different fertilization treatments: no fertilization, inorganic
fertilizer, and combined organic (pig manure) and inorganic fertilizers. These treatments represent the most prevalent practices in
the studied areas. For the pot experiment, wheat samples were taken from the Zhoumai 22 variety.

For soil samples: The soil samples were collected from the top layer of soil, less than 15 cm deep, with three replicates for each soil
type. The soils were then air-dried in the dark and sieved through a 0.6 mm sieve to remove larger particles. For Raman detection: A
total of 200 single-cell spectra were randomly selected from each treatment to calculate the percentage of PSB. As the sample size
increased, the variation in PSB percentage decreased until reaching a plateau at a sample size of 100, indicating that 100 single cells
were appropriate for calculating the abundance of active PSB in a complex soil microbial community. For plant samples: The fresh
weight of both root and above-ground parts was measured after sampling.

All the data were measured and recorded by Hong-Zhe Li. The pH of the soils was determined by measuring the pH of soil
suspensions at a soil/water ratio of 1:1.25 (w/v). The study used a TOC analyzer (TOC-LCPH, Shimadzu, Japan) to detect the soil DOC
at a soil/water ratio of 1:1.5 (w/v). Soil Olsen-P was measured using the molybdenum-blue colorimetric method. Single-cell Raman-
D20 was used to detect the activity of bacteria. We used Active Cell Laser Ejection (ACLE) with PRECI SCS (HOOKE Instruments Ltd,
China) to obtain the targeted single PSB. Metagenome sequencing was used to analyze the genotypic information of PSB.

The soils were sampled from three long-term field experiments in Qiyang, Hunan province; Donghu, Zhejiang province; and Dezhou,
Shandong province in China. The pot experiments lasted from April 4, 2024, to May 4, 2024.

No data were excluded from the analyses.

The findings in this paper were remarkably reproducible. For the Raman detection and plant pot experiments, we independently
performed each experiment at least three times.

The single-cell spectra were randomly selected from each soil treatment. The pot experiments were randomly assigned to different
treatments.

All soil sample processing and Raman detection were performed without signs or labels indicating the relevant treatment.
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Plants

Seed stocks The wheat seeds (Zhoumai 22) were collected in the experimental field of biological interaction and ecological security in Henan
University in Oct. 2023.

Novel plant genotypes  The genotypes of wheat were not considered in this study.
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