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Abstract
Main conclusion The 4-coumarate:coenzyme A ligase 4CL4 is involved in enhancing rice P acquisition and use in
acid soil by enlarging root growth and boosting functional rhizosphere microbe recruitment.

Abstract Rice (Oryza sativa L.) cannot easily acquire phosphorus (P) from acid soil, where root growth is inhibited and soil
P is fixed. The combination of roots and rhizosphere microbiota is critical for plant P acquisition and soil P mobilization,
but the associated molecular mechanism in rice is unclear. 4CL4/RAL1 encodes a 4-coumarate:coenzyme A ligase related
to lignin biosynthesis in rice, and its dysfunction results in a small rice root system. In this study, soil culture and hydroponic
experiments were conducted to examine the role of RAL1 in regulating rice P acquisition, fertilizer P use, and rhizosphere
microbes in acid soil. Disruption of RAL1 markedly decreased root growth. Mutant rice plants exhibited decreased shoot
growth, shoot P accumulation, and fertilizer P use efficiency when grown in soil—but not under hydroponic conditions, where
all P is soluble and available for plants. Mutant rall and wild-type rice rhizospheres had distinct bacterial and fungal com-
munity structures, and wild-type rice recruited some genotype-specific microbial taxa associated with P solubilization. Our
results highlight the function of 4CL4/RAL1 in enhancing rice P acquisition and use in acid soil, namely by enlarging root
growth and boosting functional rhizosphere microbe recruitment. These findings can inform breeding strategies to improve
P use efficiency through host genetic manipulation of root growth and rhizosphere microbiota.

Keywords Acid soil - Aluminum toxicity - Bacterial community - Phosphorus uptake - Rhizosphere microbiota - Root
system size

Abbreviations Introduction

4CL 4-Coumarate:coenzyme A ligase

RALI1 Resistance to aluminum 1 Phosphorus (P) is an essential macroelement that limits crop
OTU Operational taxonomic unit growth in agricultural ecosystems. Although the applica-
NMDS Non-metric multi-dimensional scaling tion of P fertilizer is a routine agronomic practice to meet
ANOSIM  Analysis of similarities crop P demand (Withers et al. 2014), applied P is easily

bound to soil particle surfaces, resulting in low soil P bio-
availability and poor crop P use efficiency (Johnston et al.
2014; Cong et al. 2020). Sustaining high crop yields without
P4 Xue Qiang Zhao large amounts of P fertilization is thus difficult. According

xqzhao@issas.ac.cn to various estimates, rock P reserves will be exhausted in the
next 50—-100 years (Fixen and Johnston 2012; Johnston et al.
2014), threatening the sustainability of agricultural produc-
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of P rock resources and the negative environmental effects
of P fertilizers.

Given the poor movability of P in soil, plant roots can
acquire available P only near root surfaces—a situation that
leads to P depletion zones around roots (Hinsinger et al.
2005) and subsequently limits P uptake by roots. To acquire
more P for growth, plants must, therefore, explore larger
soil volumes and exploit less-soluble P pools (Vance et al.
2003; Lynch and Brown 2008; Strock et al. 2018). Plants can
accordingly modify root physiological features and coop-
erate with rhizosphere microbiota to adapt to P-deficient
environments (Richardson and Simpson 2011; Cong et al.
2020). Adaptive modification of plant root system traits is
one of the most effective strategies to increase P acquisition
efficiency (Shen et al. 2011; Niu et al. 2013; Vejchasarn
et al. 2016; Cong et al. 2020). Increases in the root/shoot
ratio, root branching, root elongation, root topsoil foraging,
and the number of root hairs enable plant roots to explore
a given volume of soil more effectively and acquire more
P (Lynch and Brown 2008; Shen et al. 2011; Cong et al.
2020). Since root system traits largely determine P acqui-
sition efficiency from soil, the identification of molecular
mechanisms behind root system traits for efficient P use by
crops is of strong interest.

In addition to the involvement of root systems, microor-
ganisms play a vital role in the regulation of soil P bioavail-
ability. Soil bacteria (e.g., Alcaligenes, Aerobactor, Bacillus,
Pseudomonas, and Nguyenibacter) and fungi (e.g., Asper-
gillus, Chaetomium, Cephalosporium, Fusarium, and Peni-
cillium) can convert inorganic and/or organic P into more
plant-bioavailable forms by releasing protons, organic ani-
ons, and various phosphatases (Chen et al. 2006; Sharma
et al. 2013; Alori et al. 2017; Mohanram and Kumar 2019;
Li et al. 2021). Carbon—nutrient exchanges are an impor-
tant strategy used by plants foraging for resources such as
P (Rodriguez et al. 2019; Raymond et al. 2021; Han et al.
2022). Plants deliver the complex carbons produced by pho-
tosynthesis into the rhizosphere to nourish microbiota, with
microbes in turn facilitating the solubilization and uptake
of essential nutrients (e.g., P, N, and Fe) by plants (Rashid
et al. 2016; Jacoby et al. 2017). This beneficial effect from
rhizosphere microbiota is plant genotype-specific (Rodri-
guez et al. 2019; Trivedi et al. 2020). Zhang et al. (2019)
have reported an association between a nitrate transporter,
NRT1.1B, and the recruitment of root microbiota and N use
in rice. Although this finding suggests possible breeding
strategies to improve crop N use efficiency by modulating
rhizosphere microbiota, the molecular mechanisms underly-
ing host genetic regulation of rhizosphere microbiota associ-
ated with P utilization are largely unknown.

Rice (Oryza sativa L.), a globally important, staple cereal
crop, consumes huge amounts of P fertilizer. Approximately
13% of rice plants worldwide are cultivated in acid soils
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(pH < 5.5) (von Uexkiill and Mutert 1995). In such soils,
Al toxicity inhibits root growth (Ma et al. 2001), and the
low pH weakens the P biogeochemical cycle driven by soil
microbiota (Dai et al. 2020), resulting in decreased P uptake
and use by rice plants. Since P deficiency is the main lim-
iting factor for crop production in acid soils (Zhao et al.
2014; Wang et al. 2021), the improvement of rice P use in
such areas is vital. The protein kinase gene Psfoll has been
reported to enhance rice root growth and thereby confer
tolerance to P deficiency in a nearly neutral (pH 6.1) soil
(Gamuyao et al. 2012), but no genes regulating root sys-
tem traits associated with rice P use efficiency in acid soil
have been uncovered thus far. The 4CL4/rall gene encoding
4-coumarate:coenzyme A ligase (4CL4), an enzyme puta-
tively involved in lignin biosynthesis, regulates the response
of rice root phenotypes to Al toxicity (Liu et al. 2016, 2020).
Lignin plays a critical role in cell wall extensibility and root
elongation under stressed conditions (Yan et al. 2022). Muta-
tion of the rall gene reduces lignin production and results
in defective cell elongation of the root mature zone, thereby
showing a smaller root system relative to wild-type rice (Liu
et al. 2016, 2020). Given the vital role of roots in P acquisi-
tion from soil, we used the rall mutant and its corresponding
wild type, Kasalath, to examine the impact of the rall gene
on rice P acquisition efficiency and rhizosphere microbiota
in acid soil in this study. We hypothesized that (1) the wild-
type rice Kasalath, with its larger root system, has a higher
P acquisition efficiency than the mutant rall in acid soil; (2)
mutation of the rall gene leads to a rhizosphere microbial
pattern that is distinct from that of Kasalath because of the
altered root genetic traits; and (3) a link exists between rice
P acquisition efficiency and rhizosphere microbiota that is
dependent on rice genotype.

Materials and methods
Plant materials and seedling preparation

The rice mutant rall and its corresponding wild type,
Kasalath, were used in this study. The rall mutant, with a
short root phenotype, was previously screened from an eth-
ylmethylsulfone-mutagenized population (Liu et al. 2016).
Subsequent research revealed that the rall gene encodes
the 4-coumarate:coenzyme A ligase 4CL4 and impacts Al
tolerance and lignin accumulation in rice (Liu et al. 2020).
The pathway of 4CL4 involved in lignin synthesis is shown
in Fig. S1. Rice seeds were surface-sterilized in 10%
H,0, solution for 30 min to avoid seed-borne diseases,
washed with deionized water, soaked in water at 37 °C in
the dark for 2 days, and then transferred to a net floating
on a 500 uM CaCl, solution (pH 4.6) for 4 days. After
germination, seedlings were cultured in a 3.5 L plastic
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pot containing half-strength Kimura B solution (Ma et al.
2002) until the three-leaf stage for subsequent soil culture
and hydroponic experiments.

Soil culture experiment

The soil used in this study was collected from the surface
soil layer (0-20 cm depth) at the Yingtan Red Soil Eco-
logical Experiment Station, Jiangxi Province, China (28°
14" N, 117° 03" E). The collected soil was air-dried and
then passed through a 2-mm sieve after removal of roots
and stones. Soil chemical properties were as follows: total
nitrogen (TN), 2.33 g kg_l; pH, 4.4; organic carbon (SOC),
14.42 g kg™!; available P (AP), 2.50 mg kg~ . Since P defi-
ciency and Al toxicity coexist in acidic soils (Chen et al.
2012), lime was used to increase soil pH and decrease soil
toxic Al concentrations in this study. Rice seedlings were
subjected to three P treatments with or without liming (2 g
CaCO, kg™'). Three P levels were established by applying
P at 0, 10, or 50 mg P kg™! in the form of KH,PO,. All
pots were fertilized at the same rate with N (urea, 100 mg
N kg™!) and K (100 mg K kg~!), the latter balanced with
KCl at the three P levels. Four replicates were carried
out per treatment. To ensure the homogeneous distribu-
tion of fertilizers in each pot, fertilizers and soil for each
pot were weighed accurately and then mixed thoroughly.
Each pot (15 cm height, 15 cm top diameter, and 12 cm
bottom diameter) contained 2.5 kg of air-dried soil. Three
10-day-old rice plants were planted in each pot and then
harvested after 40 days, at the tillering stage. Rhizosphere
soil samples were collected immediately after rice plants
were harvested. Soil adhering to roots after shaking for
30 s was considered to be rhizosphere soil (Xiao et al.
2022). Apparent P use efficiency was calculated as (total
shoot P with P fertilization — total shoot P without P
fertilization)/P fertilizer application amount X 100%.

Hydroponic experiment

For the hydroponic experiment, 10-day-old rice seedlings
were grown in half-strength Kimura B solution (pH 4.6)
containing 5, 20, 90, or 180 pM P. Four rice plants were
grown per pot in black plastic pots containing 1.2 L of
nutrient solution. P was supplied as NaH,PO,. Three rep-
licates were carried out per P treatment. All pots were
maintained in a growth chamber [12-h day (30 +1 °C):12-
h night (23 + 1 °C); 65 + 5% humidity; 900 pmol m~2 s~!
illumination intensity]. The nutrient solution was renewed
every 2 days. After 20 days, rice roots were separated
from shoots for measurement of dry weight and shoot P
concentration.

Short-term P uptake experiment

Roots of 16-day-old seedlings were placed in black bot-
tles containing 100 mL of 10 or 180 pM P in half-strength
Kimura B nutrient solution (pH 4.6). After 4 h, the P con-
centration of the solution in each bottle was determined.
We also weighed each bottle before and after the uptake
experiment to calculate the amount of solution lost due to
transpiration by plants. At the end of the experiment, the
roots were harvested, oven-dried, and weighed. The P uptake
rate was calculated according to the amount of P depleted
from the uptake solution during the experiment.

Plant and soil chemical analyses

For nutrient determinations, harvested plants were dried at
75 °C to a constant weight and then smashed with a grinder.
The smashed shoots were digested with 5 mL HNO; at
140 °C. P concentrations in the digested solution of the soil
culture experiment and the uptake solution of the short-term
P uptake experiment were determined by the colorimetric
molybdenum blue method. Soil total N was quantified on
a VarioMAX CNS elemental analyzer (Elementar, Hanau,
Germany). Soil pH was measured in a soil-water suspension
(1:2.5) using a pH meter (PB-21, Sartorius, Gottingen, Ger-
many). Soil available P was extracted with HCI-NH,F and
measured by the molybdenum blue method. Soil exchange-
able Al (EAl) was extracted with 1 M KCl (soil:water, 1:25)
and determined by inductively coupled plasma—atomic
emission spectrophotometry (Optima 8000, PerkinElmer,
Waltham, MA, USA). Soil organic carbon was analyzed by
the dichromate oxidation method.

Analyses of root system parameters

Harvested roots from the soil culture and hydroponic experi-
ments were scanned on a flatbed scanner (Epson Expression
10000XL, Epson America, San Jose, CA, USA) at a resolu-
tion of 400 dpi, and total root lengths and surface areas were
measured using WinRHIZO (Regent Instruments, Quebec,
QC, Canada).

Expression of Pi starvation response genes

To determine the expression of Pi starvation response genes
under various P levels, 10 day-old rice plants were exposed
to half-strength Kimura B solution (pH 4.6) containing 5,
20, 90, or 180 pM P for 10 days and then roots (0-3 cm)
were excised for RNA isolation. Total RNA was extracted
from the excised samples using RNAiso Plus (Takara,
Kusatsu, Shiga, Japan) and first-strand cDNA synthesis was
prepared from 1 pg of RNA using the HiScript IT Q Select
RT SuperMix (Vazyme Biotech Co., Ltd., Nanjing, China).
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Subsequently, cDNA products were diluted tenfold in nucle-
ase-free water and then used for quantitative real-time PCR
analysis (QRT-PCR). The gRT-PCR was performed in a 10
pL reaction mixture consisting of 5 pL. of SYBR Premix Ex
Taq (Vazyme Biotech), 0.5 pL of each of the forward and
reverse primers (10 pM), and 4 pL of diluted cDNA. The
qRT-PCR analysis was performed on CFX96 Touch real-
time PCR detection system (BioRad, Hercules, CA, USA).
Histone H3 was used as an internal control. We measured
the expression levels of four P starvation response genes
including OsPhtl;2, OsPhtl;3, OsPhtl;6, and OsARF12 in
roots, and the primers and related function of those genes
were shown in Table S1. Relative expression levels were
calculated by the comparative Ct method. Three independent
biological replicates were made for each treatment.

DNA extraction, PCR amplification and sequencing,
and bioinformatics analysis

DNA was extracted using a Fast DNA Spin Kit for Soil
(MP Biomedicals, Santa Ana, CA, USA). The quality and
concentration of extracted DNA were checked using a Nan-
oDrop ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA).

Bacterial 16S rRNA and fungal ITS gene profiling of
rice rhizosphere soil samples were carried out by Illumina
sequencing. Thermal cycling protocols and primers for
amplification of microbiota are described in Table S2. PCR
amplification for sequencing was carried out as described
by Xiao et al. (2022). After purification and quantification,
amplicons were pooled in equal amounts and sequenced on
the Illumina MiSeq PE300 platform (Illumina, San Diego,
CA, USA) at Shanghai Personal Biotechnology Co. (Shang-
hai, China).

Raw 16S rRNA and ITS gene sequences were processed
as described by Zhang et al. (2019) and Liu et al. (2021).
Briefly, the sequences were quality checked and subjected
to barcode and primer trimming and filtering of low-quality
sequences. Next, an OTU table was generated by USE-
ARCH, and representative sequences were taxonomically
classified using the RDP classifier (Wang et al. 2007). We
obtained 1,126,909 and 1,088,148 high-quality sequences,
which were, respectively, clustered into 6405 bacterial and
1320 fungal OTUs.

Data analysis

Significant differences at the P <0.05 level were assessed by
Duncan’s test and Student’s 7 test in SPSS 22.0. To identify
treatment differences in the beta diversity of bacterial and
fungal community compositions, non-metric multi-dimen-
sional scaling (NMDS) based on Bray—Curtis distances and
analysis of similarities (ANOSIM) testing were conducted
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with the ‘vegan’ package in R v.4.0.5 (Oksanen et al. 2013).
And a Mantel test was performed using the same package to
examine relationships among edaphic soil properties, root
system traits, total shoot P, and rhizosphere microbiota. To
explore genotype-specific OTUs, the R package ‘edger’ was
used to identify differentially abundant OTUs (relative abun-
dance > 0.01%) between genotypes (Robinson et al. 2010).
To construct microbial-OTU co-occurrence networks, we
filtered out the OTUs occurring in fewer than four samples
and trimmed links according to two criteria: Pearson’s cor-
relation coefficient Irl < 0.7 and P> 0.05. The networks were
then visualized using Gephi v.0.9.2, and their topological
properties were calculated with the ‘igraph’ package in R.

Results
Rice growth response to different P levels

Application of lime and elevation of P levels increased the
shoot and root dry weights of Kasalath and rall in the soil
culture experiment (Fig. 1a, b, Fig. S2). In the hydroponic
experiment, Kasalath and rall shoot and root dry weights
were markedly increased by boosting P levels from 5 to
20 pM, with these values then remaining constant from 20
to 180 uM P (Fig. 1d, e). The dry weight ratio of roots to
shoots decreased with increasing P under both soil culture
and hydroponic conditions (Fig. lc, f). Shoot and root dry
weights of Kasalath were both significantly higher than those
of rall in the soil culture experiment, whereas only the root
dry weight of Kasalath was significantly higher than that
of rall in the hydroponic experiment. In both soil culture
and hydroponic experiments, applying lime and boosting P
levels increased total root length and surface area—both of
which were higher in Kasalath compared with rall (Fig. 2).

Rice P uptake and use

Shoot P concentrations and accumulation increased with ris-
ing P levels in both soil culture and hydroponic experiments
(Fig. 3a—d). Application of lime increased shoot P accumula-
tion, which was higher in Kasalath compared with rall in
the soil culture experiment (Fig. 3b) but not significantly
different in the hydroponic experiment (Fig. 3d).

When P levels were increased, the ratio of shoot dry
weights of Kasalath to rall remained constant in the absence
of liming but decreased if lime was applied (Fig. 4a). Simi-
larly, the ratio of shoot P accumulation of Kasalath to rall
remained constant with increasing P under non-liming con-
ditions and decreased under liming treatment (Fig. 4b). This
result suggests that Kasalath is more tolerant to low P condi-
tions compared with rall when lime is applied. Addition of
lime increased apparent P use efficiency (Fig. 4c). In the soil
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Hydroponic experiment
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Fig. 1 Dry weights of wild-type Kasalath rice and its mutant rall at
different phosphorus (P) levels in soil culture (a, b, ¢) and hydroponic
(d, e, f) experiments. a, d Shoot dry weight. b, e Root dry weight. c,
f Dry weight ratio of roots to shoots. In the soil culture experiment,
10-day-old seedlings were grown in soil supplemented with 0, 10, or
50 mg kg~! P under liming (+Ca) or non-liming (—Ca) conditions
for 40 days. In the hydroponic experiment, 10-day-old seedlings were
grown in nutrient solution (pH 4.6) supplemented with 5, 20, 90,

culture experiment, this parameter was higher in Kasalath
compared with rall, thus indicating that the more highly
developed root system of Kasalath under liming conditions
was beneficial for root P acquisition. In the short-term P
uptake experiment, rall had a slightly higher P uptake rate
than Kasalath at low (10 pM) and high (180 pM) P levels
(Fig. S3). This result indicates that the stronger P acquisition
ability of Kasalath relative to rall was not due to a higher
P uptake rate.

We further investigated the expression of P starvation
response genes including OsPhtl;2, OsPhtl;3, OsPhtl;6,
and OsARF12 in the roots of both Kasalath and rall. Com-
pared with the condition of 90 uM P, the expression lev-
els of OsPhtl;2, OsPhtl;3, and OsPhtl;6 were induced
by low P in both Kasalath and rall but those of OSARF12

P concentration (uM)

or 180 pM P for 20 days. Different uppercase and lowercase letters
above bars indicate significant differences among different P levels
for Kasalath and rall, respectively (P <0.05, Duncan’s multiple range
test). Asterisks indicate significant differences between Kasalath and
rall under the same treatment conditions (P <0.05, independent-sam-
ple 7 test). Data are means =+ standard deviation (n=4 for the soil cul-
ture experiment; n=3 for the hydroponic experiment)

were inhibited (Fig. S4). Moreover, the expression levels of
OsPhtl;2 and OsPhtl;6 in Kasalath were higher than those
in rall under the 5 uM P condition (Fig. S4).

Rhizosphere microbial diversity

Richness and Shannon indexes were used to estimate the
alpha diversities of bacterial and fungal communities. Lim-
ing increased the alpha diversity of bacteria but reduced that
of fungi (Fig. S5). When soil P levels were increased, the
alpha diversity of bacteria showed an upward trend, whereas
that of fungi trended downward. Nevertheless, no significant
differences in bacterial and fungal alpha diversities were
observed between Kasalath and rall.
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Hydroponic experiment
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Fig.2 Root parameters of wild-type Kasalath rice and its mutant
rall at different phosphorus (P) levels in the soil culture (a, b, ¢) and
hydroponic (d, e, f) experiments described in Fig. 1. a, d Root total
length. b, e Root surface area. ¢, f Scanned root images. After plant
harvest, rice roots were scanned for measurements of root total length
and surface area. Different uppercase and lowercase letters above bars

NMDS and ANOSIM analyses of Bray—Curtis dis-
similarities revealed that bacterial and fungal community
structures (beta diversities) differed significantly between
liming and non-liming conditions (Fig. S6). To eliminate
the influence of this strong liming effect on our inves-
tigation of microbial community structural differences
between rice genotypes or P levels, we reanalyzed the beta
diversities of bacteria and fungi under liming and non-
liming conditions separately. In the new analysis, ANO-
SIM testing uncovered significant effects of rice genotype
as well as P level on bacterial and fungal community
structures (Table S3), and NMDS divided the rhizosphere
microbiota into two distinct groups according to genotype,
i.e., Kasalath and rall (Fig.5).
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indicate significant differences among different P levels for Kasalath
and rall, respectively (P <0.05, Duncan’s multiple range test). Aster-
isks indicate significant differences between Kasalath and rall under
the same treatment conditions (P <0.05, independent-sample ¢ test).
Data are means =+ standard deviation (n=4 for the soil culture experi-
ment; n=3 for the hydroponic experiment)

We then compared the composition of bacterial and fun-
gal communities at the phylum level and focused on the vari-
ation in community composition between the two rice geno-
types (Fig. 6). The main phyla in the bacterial community
were Firmicutes, Proteobacteria, and Acidobacteria, which
accounted for more than 80% of total bacterial sequences
(Fig. 6a). The relative abundance of Firmicutes in the rhizo-
sphere of Kasalath was higher than that of rall, whereas the
opposite was true for Acidobacteria and Chloroflexi (Fig.
S7a, b). The main phyla in the fungal community, Ascomy-
cota, Basidiomycota, and Chytridiomycota, accounted for
41.36-82.98% of total fungal sequences (Fig. 6b). The rela-
tive abundances of Ascomycota and Basidiomycota were
highest in the rhizospheres of Kasalath and rall, respectively
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Fig.3 Shoot phosphorus (P) accumulation in wild-type Kasalath rice
and its mutant rall at different P levels in the soil culture (a, b, ¢)
and hydroponic (d, e, f) experiments described in Fig. 1. a, ¢ Shoot
P concentration. b, d Total shoot P accumulation. Different upper-
case and lowercase letters above bars indicate significant differences
among different P levels for Kasalath and rall, respectively (P <0.05,

(Fig. S7c, d). According to these results, the mutation of the
rall gene altered rhizosphere bacterial and fungal commu-
nity compositions. We further explored relationships among
rhizosphere microbiota, several soil properties, root system
traits (total root length and surface area), and shoot P accu-
mulation. The changes in bacterial and fungal community
structures observed in this study were associated with soil
pH and exchangeable Al, total root length and surface area,
and total shoot P and soil available P (Table S4). These cor-
relations indicate that alteration in root system size caused
by the rall mutation affected rhizosphere microbiota by
impacting soil chemical properties and rice P uptake.

Genotype-specific rhizosphere microbial taxa

To examine differences in the rhizosphere microbiota of
Kasalath and rall in further detail, we used Manhattan

P concentration (uM)

Duncan’s multiple range test). Asterisks indicate significant differ-
ences between Kasalath and rall under the same treatment conditions
(P <0.05, independent-sample ¢ test). Data are means + standard devi-
ation (n=4 for the soil culture experiment; n=3 for the hydroponic
experiment)

plots to analyze the enrichment of OTUs according to
their taxonomy (Fig. 7; Table S5). Most bacterial OTUs
enriched in the rhizosphere of Kasalath belonged to Firmi-
cutes and Proteobacteria. In the rall rhizosphere, enriched
bacterial OTUs belonged to a wide range of phyla, includ-
ing Proteobacteria, Acidobacteria, Actinobacteria, and
Chloroflexi (Fig. 7a; Table S5a, b). With regard to fungi,
only a few genotype-specific OTUs, mostly members of
Ascomycota and Basidiomycota, were detected in the
rhizospheres of Kasalath and rall (Fig. 7b; Table S5c, d).
We detected 17 Kasalath-specific and 29 rall-specific bac-
terial OTUs overlapping between non-liming and liming
conditions (Fig. 7¢). In contrast, most genotype-specific
enriched fungal OTUs did not overlap between the two
liming treatments (Fig. 7d).
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Fig.4 Ratio of shoot dry weight and total shoot phosphorus (P) of
wild-type Kasalath rice relative to its mutant ral/ and fertilizer P use
efficiency at different P levels in the soil culture experiment described
in Fig. 1. a Ratio of shoot dry weight of Kasalath relative to rall. b
Ratio of total shoot P of Kasalath relative to rall. ¢ Fertilizer P use
efficiency. Different lowercase letters above bars indicate significant
differences among different P levels under liming (4 Ca) and non-lim-
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the same treatment conditions (P <0.05, independent-sample ¢ test).
Data are means + standard deviation (n=4)
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Rhizosphere microbial co-occurrence networks
and keystone taxa

To identify hub species and compare their relative abun-
dances between Kasalath and rall, we constructed two
microbial co-occurrence networks of rhizosphere bacteria
and fungi under non-liming and liming conditions (Fig. 8).
The network under non-liming conditions included 834
OTUs and 2233 associations, whereas the network under
liming conditions consisted of 1085 OTUs and 6971 associa-
tions (Fig. 8a, b). As revealed by the higher number of nodes
and edges and larger node average degree, the microbial net-
work under liming conditions was more complex than that
under non-liming conditions (Table S6). We identified 10
and 13 module hub species under non-liming and liming
conditions, respectively (Fig. 8c, d). Most of these species
belonged to Acidobacteria, and their relative abundances
were higher in the rhizosphere of rall than in that of Kasal-
ath (Table S7).

Discussion

Involvement of the ral71 gene in rice P acquisition
via root system enlargement

Mutation of the rall gene, which encodes a
4-coumarate:coenzyme A ligase involved in rice lignin bio-
synthesis, inhibits root cell elongation of the mature zone
and impacts rice Al tolerance (Liu et al. 2016, 2020). In the
present study, the wild-type rice Kasalath had a larger root
system (i.e., root absorbing surface area and total length),
higher shoot dry weight, P accumulation, and fertilizer P
use efficiency than the mutant rall. These results demon-
strate the function of rall in enhancing rice P acquisition by
enlarging the root system in acid soil. This finding is simi-
lar to the observations of a previous study, namely, that the
Pstoll gene encoding a protein kinase conferred tolerance
to P deficiency on rice grown in a nearly neutral (pH 6.1)
soil by enhancing root growth (Gamuyao et al. 2012). As
deduced from the shoot dry weight and P accumulation of
Kasalath relative to that of rall, the ability of the rall gene
to improve P acquisition and shoot growth was weakened
at high P levels under liming conditions. This result sug-
gests that a large root system is much more important in an
acid, P-limited soil than in a high-pH, P-rich one, as toxic Al
ions in acid soil have strong inhibitory effects on plant root
growth and thereby hinder the acquisition of water and nutri-
ents by roots (Ma et al. 2001). Although wild-type Kasalath
is relatively Al-sensitive compared with mutant rall (Liu
et al. 2016, 2020), the larger root system of Kasalath was
still beneficial for rice shoot growth and P uptake in our
study. We also found that the dry weight ratio of roots to
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shoots was increased under low P conditions and that lim-
ing enhanced root growth and P acquisition. These results
strongly support the importance of a developed root system
in rice P acquisition in acid soil.

Owing to the low mobility and availability of P in soil,
plants must develop a large root system to exploit a given
volume of soil more effectively and maximize P acquisition
(Vance et al. 2003; Shen et al. 2011; Gamuyao et al. 2012).
In the hydroponic experiment in this study, however, no sig-
nificant difference was observed in shoot growth, P concen-
tration, or P accumulation between wild-type Kasalath and
mutant rall even though Kasalath had a larger root system
than rall. This result indicates that a larger root system may
not be essential for efficient P uptake under hydroponic con-
ditions, as all P in the nutrient solution was soluble and avail-
able to the rice plants. As a result, plants under hydroponic
conditions do not necessarily require a large root system to
acquire P; this is because P in the solution can easily move to
root surfaces for plant uptake. Interestingly, the P uptake rate
of rall in the nutrient solution was actually slightly higher
than that of Kasalath. Consequently, a higher P uptake rate

across the root cell membrane may not necessarily result in
efficient acquisition of P from soil by rice plants. In other
words, the size of the root system, rather than the root P
uptake rate, seems to be more important for efficient soil
P acquisition by rice plants under the soil culture condi-
tions in this study (Fig. 9). However, the expression levels
of P starvation response genes OsPht1;2 and OsPhtl;6 were
higher in Kasalath than in rall under 5 pM P condition,
which cannot explain the higher P uptake rate of rall rela-
tive to Kasalath. Since Kasalath with a larger root system
under low P conditions may decrease the P concentrations
of the solutions more quickly than rall, we speculate that
the expression of OsPht1;2 and OsPhtl;6 was up-regulated
much more by P deficiency in Kasalath than in rall.

Involvement of ral7 in the recruitment
of rhizosphere microbe taxa associated with P
mobilization

According to numerous studies, rhizosphere microbiota dif-
fer between host genotypes (Bulgarelli et al. 2013; Turner

@ Springer
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et al. 2013; Zhang et al. 2019; Xiong et al. 2021; Xiao et al.
2022). Differences in plant nutrient acquisition, stress tol-
erance, and crop yield between host genotypes are closely
associated with distinct rhizosphere microbiota (Rodriguez
et al. 2019; Zhang et al. 2019; Trivedi et al. 2020). In the
present study, we obtained two pieces of evidence imply-
ing that mutation of the rall gene changed rhizosphere
microbiota patterns. First, rhizosphere bacteria and fungi
were well separated into two groups according to rice geno-
type. Second, Kasalath and rall specifically recruited some
rhizosphere microbiota. These results suggest that the rall
gene has a considerable impact on rhizosphere microbiota
establishment under fixed environmental conditions. Plants
mainly influence their root and rhizosphere microbial com-
munities through the secretion of root exudates, which
serves as the mechanistic link between host genetic variation
and differences in microbiota composition between different

@ Springer
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genotypes (Sasse et al. 2018). According to a previous study,
the mutation of the rall gene reduced lignin production and
increased the accumulation of its substrate 4-coumaric and
ferulic acids in roots (Liu et al. 2020). Although barley (Hor-
deum vulgare L.) plants may adjust their lignin contents in
response to soil microbial community, neither genotype nor
mutations in lignin production affected soil microbial com-
munity (Bennett et al. 2015). Also, field-grown transgenic
switchgrass (Panicum virgatum L.) with altered lignin did
not affect soil microbiology (DeBruyn et al. 2017). Bradley
et al. (2007) demonstrated that altered lignin biosynthesis in
Populus tremuloides had different effects on soil microbial
communities among three distinct soils. Thus, we specu-
late that the difference in root exudates rather than plant
lignin contents due to genetic variation is responsible for
the distinct rhizosphere microbial community between the
mutant rall and its wild-type Kasalath. Our future work
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Fig.7 Manhattan plot showing bacterial (a) and fungal (b) OTUs
enriched in rhizosphere soils of wild-type Kasalath rice and its
mutant rall under liming (+Ca) and non-liming (—Ca) condi-
tions. Each dot or triangle represents a single OTU. OTUs enriched
in rhizosphere soils of Kasalath or rall are represented by filled or

will focus on the examination of the difference in root exu-
dates between Kasalath and rall to elucidate the mechanism
underlying their distinct microbial communities.

Despite the above-mentioned issue, we were interested
in exploring whether Kasalath, with its larger root system,
recruits a core group of microorganisms that can improve
rice growth or serve as an indicator of soil nutrient sta-
tus. Compared with that of the rall mutant, the rhizos-
phere soil of Kasalath had a higher relative abundance of
Firmicutes bacteria. According to a previous report, an
increased relative abundance of Firmicutes has a protec-
tive effect against bacterial wilt disease (Lee et al. 2021),
which would possibly benefit the growth of the wild-type
rice Kasalath. By contrast, Kasalath had a lower relative

empty triangles, respectively. OTUs are colored according to phylum.
CPM, counts per million. ¢, d Overlapping OTUs enriched in rhizos-
phere soils of Kasalath and ral// under liming (+Ca) and non-liming
(—Ca) conditions

abundance of Acidobacteria compared with the rall
mutant. Rhizosphere microbiota interacts closely with
one another to form a stable ecological network and pro-
mote plant growth (Durén et al. 2018). Hub species play
a key role in the basic process of microbiota assembly
and collaboration, which may help plants adapt to the soil
environment (de Vries et al. 2018). In the present study,
most module hub species, regardless of liming treatment,
were assigned to Acidobacteria (Table S7). Most mem-
bers of Acidobacteria are acidophilic chemoheterotrophs
that exhibit an oligotrophic lifestyle (Kalam et al. 2020).
The high abundance of Acidobacteria associated with the
rall mutant in this study may reflect it is acidic, Al-toxic,
infertile rhizosphere environment (Fig. S8).
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Fig.8 Co-occurrence network patterns (a and b) and hub species (¢
and d) under liming (+Ca) and non-liming (—Ca) conditions. Nodes
in the network are subcategorized as follows: peripherals (Zi<2.5

To further inspect genotype-specific taxa at the OTU
level, we carried out a differential OTU abundance analysis.
We noticed that most bacterial OTUs enriched in the rhizos-
phere of Kasalath under non-liming conditions belonged to
Desulfosporosinus (20.37% cumulative relative abundance;
Table S5a), a genus of acidophilic, Fe (III) and sulfate-
reducing bacteria (Bertel et al. 2012; Sdnchez-Andrea et al.
2015). Desulfosporosinus species can convert sulfates into
sulfides and induce the reduction of Fe (III) to Fe (II) (Fan
et al. 2018). Since Fe?* has a weaker PO43_ binding ability
relative to Fe**, we surmise that Desulfosporosinus species
release PO,>~ from FePO, and improve soil P availability
for plants by reducing Fe** to Fe?*. We also found that the
rhizosphere of Kasalath was enriched in several bacterial
OTUs assigned to Rhodocyclaceae, Burkholderiaceae, and
Bacillales (Table S5a, b) and some fungal OTUs assigned
to Penicillium, Trichoderma, Cladosporium, and Aspergil-
lus (Table S5c, d). These bacteria and fungi are known for
their ability to solubilize and mobilize P (Sharma et al. 2013;
Alori et al. 2017; Grafe et al. 2018). Our results also suggest
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that changes in bacterial and fungal community structures
are significantly associated with rice shoot P accumulation
(Table S4). These results collectively support the poten-
tial function of rice genotype-specific bacterial and fungal
taxa in impacting rice P nutrition. Similar to the previously
reported association of the nitrate transporter NRT!I.1B
with root microbiota composition and nitrogen use in rice
(Zhang et al. 2019), our study has demonstrated that the
4-coumarate:coenzyme A ligase 4CL4/RALI1, an enzyme
putatively involved in lignin biosynthesis, is associated with
rice P use and rhizosphere microbe recruitment (Fig. 9).

Conclusion

Taken together, our results reveal the new function of the
4-coumarate:coenzyme A ligase 4CL4/ RAL1 in enhanc-
ing the fertilizer P use efficiency of rice plants and regu-
lating rhizosphere microbiota in acid soil via root growth
enlargement. Our data suggest that the wild-type rice
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Fig.9 Schematic diagram for
the role of 4CL4/RAL1 in the
improvement of rice P uptake.
Briefly, 4CL4/RALI catalyzes
the 4-coumaric acid and ferulic
acid to synthesize lignin and
thereby boosts rice root system
development. On the one hand,
a larger root system (bigger root
total length and surface area)
enables rice to exploit larger
soil volumes for P acquisition.
On the other hand, a larger root
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Kasalath with its larger root system can better coordinate
its thizosphere recruitment of genotype-specific microbes
to efficiently acquire P from soil than the rall mutant. This
finding can serve as the basis of an attractive breeding
strategy for the improvement of fertilizer P use efficiency
in acid soil based on host genetic manipulation of the root
microbiome. It is worth exploring the mechanisms for the
difference in rhizosphere microbial community between
the rall mutant and its wild type in the future.
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