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Introduction: Oilseed flax (Linum usitatissimum L.) yields are phosphate (P)
fertilizer-limited, especially in the temperate semiarid dryland regions of North
China. However, there are limited studies on the effects of P-fertilizer inputs on
plant growth and soil microorganisms in flax planting systems.

Methods: To address this gap, a field experiment was conducted with four
treatments: no P addition and application of 40, 80, and 120 kg P ha™,
respectively. The aim was to investigate the influence of various P fertilizer
inputs on yield, plant dry matter, P use efficiency, as well as the population of
soil arbuscular mycorrhizal fungi (AMF) and bacteria in dryland oilseed flax.

Results: Our results show that the P addition increased the dry matter, and the
yield of oilseed increased by ~200% at 120 kg P ha™* addition with inhibition on
the growth of AMF hyphae. The moderate P supply (80 kg ha™!) was adequate for
promoting P translocation, P use efficiency, and P recovery efficiency. Soil pH,
available P, and available K significantly (p< 0.05) promoted the abundance of the
dominant taxa (Acidobacteria_GP6, Sphingobacteria and Bacteroidetes). In
addition, it is imperative to comprehend the mechanism of interaction
between phosphorus-fertilizer inputs and microbiota in oilseed flax soil.

Discussion: This necessitates further research to quantify and optimize the
moderate phosphorus supply, regulate soil microbes to ensure high
phosphorus utilization, and ultimately establish a sustainable system for oilseed
flax cultivation in the local area.
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oilseed flax, phosphorus fertilization, nutrient dynamics, soil bacterial community,
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1 Introduction

Phosphorus (P) is one of the most limiting nutrients for crops,
affecting 30-40% of arable land globally and increasing the demand
for P fertilizer (Lang et al., 2018; Yu et al., 2021). The global P
fertilizer use has increased from 4.6 million tons in 1961 to
approximately 21 million tons in 2015, contributing to the green
revolution and food security (Bindraban et al., 2020). However,
massive use of P fertilizer has led to water body eutrophication and
high P accumulation in soil (Sharpley and Tunney, 2000; Song et al.,
2023). The use of a balanced P fertilizer can improve P fertilizer
efficiency, as well as soil fertility, which was regarded as an efficient
and environmentally friendly method in agricultural production
(Guo et al.,, 2016; Mauchline and Malone, 2017). The economic
impact of using phosphate fertilizer in agriculture is substantial, as it
significantly affects crop growth, development, and resilience to
environmental stresses (Donipati et al., 2023). Phosphorus, a key
component of these fertilizers, is essential for energy transfer,
photosynthesis, and nutrient movement, leading to higher yields
and improved crop quality, ultimately contributing to increased
profitability (Zou et al., 2022). Despite cost concerns, particularly
for small farmers, the benefits of using phosphate fertilizers often
outweigh the expenses (Lambers, 2022). Enhanced yields result in
higher marketable produce, boosting farm income. Moreover,
phosphate fertilizers enhance crop resilience to drought, pests,
and diseases, reducing the risk of crop failure and ensuring stable
production (Nelson et al., 2023).

It is essential to prioritize environmental management when it
comes to fertilizer use. Excessive application can lead to soil
degradation and water pollution, particularly through
eutrophication. Thus, it is crucial to emphasize precision
agriculture and integrated nutrient management. These strategies
are necessary to optimize the use of phosphate fertilizers, ensuring
that economic benefits are balanced with environmental
sustainability. While phosphate fertilizers may have initial costs,
they can yield significant economic returns by enhancing crop
quality and improving yields, as long as their application is
carefully managed to mitigate environmental harm (Zou et al,
2022). Therefore, effective management of phosphorus in
agricultural ecosystems is indispensable for addressing challenges
related to food security and environmental degradation.

In soil, P-solubilizing fungi and bacteria constitute
approximately 0.1-0.5% and 1-50% of the total population,
respectively (Chen et al, 2006; Smith and Read, 2008). The
efficiency of crops to absorb P from the soil can be directly and/
or indirectly influenced by soil microbes (Richardson and Simpson,
2011; Mbuthia et al,, 2015). The microbial abundance, diversity, and
composition had various responses to P fertilizer application
(Spohn et al., 2015; Tripathi et al., 2018). P-solubilizing
microorganisms, including bacteria and fungi, employ various
mechanisms to solubilize phosphorus. One of the primary
mechanisms is the production of organic acids, such as citric acid,
lactic acid, and gluconic acid. These acids lower the soil pH and help
dissolve phosphate minerals, releasing soluble phosphorus into the
soil solution (Demay et al.,, 2023). Additionally, these
microorganisms produce enzymes like phosphatases that break
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down organic phosphorus compounds in the soil, converting
them into inorganic forms that plants can use (Tan et al., 2013).
Another mechanism involves proton extrusion, where some
microorganisms extrude protons (H" ions) that aid in dissolving
phosphate compounds (Wang et al., 2018). Furthermore, the
production of chelating compounds by these microorganisms
binds to cations (e.g., calcium, iron, aluminum) associated with
phosphorus, freeing the phosphate ions and making them available
to plants (Pan and Cai, 2023). P-solubilizing microorganisms are
crucial for plant nutrition as they increase the availability of
phosphorus in the soil, which is essential for plant growth and
development (Sharma et al., 2013). This increased phosphorus
availability stimulates root growth and development, enhancing
the plant’s ability to uptake water and nutrients (Aberathna et al,
2023). As a result, plants benefit from improved health, increased
biomass, and higher crop yields. Moreover, utilizing P-solubilizing
microorganisms reduces the need for chemical fertilizers,
promoting sustainable agricultural practices and minimizing
environmental pollution. By integrating these microorganisms
into soil management practices, farmers can achieve more
sustainable and productive agricultural systems.

Recent studies have reported that the diversity of the arbuscular
mycorrhizal fungi (AMF) community in soils would be reduced by
application of P fertilizers (Chen et al,, 2014; Lin et al, 2012;
Camenzind et al., 2014). Similarly, P fertilization is reported to
reduce AMF richness and diversity in plant roots (Liu et al., 2012;
Gosling et al., 2013; Liu et al, 2016a). AMF play a vital role in
sustainable agriculture by enhancing plant growth and resilience
through their involvement in the phosphorus cycle (El-Sawah et al.,
2023). AMF form symbiotic relationships with plant roots,
facilitating the uptake of phosphorus and other essential nutrients
from the soil, which are otherwise inaccessible to plants (Sheteiwy
et al,, 2023). This symbiosis not only improves nutrient acquisition
but also enhances the plant’s tolerance to various abiotic stresses,
such as drought and salinity (Nader et al., 2024). By improving soil
structure and health, AMF contribute to sustainable agricultural
practices, reducing the need for chemical fertilizers and promoting
ecological balance (El-Sawah et al, 2023; Nader et al., 2024;
Sheteiwy et al., 2023). Their ability to enhance soil key enzyme
activities and improve plant growth under stress conditions
underscores their importance in achieving sustainable crop
production and maintaining soil health.

It is essential to adjust fertilizer schedules to effectively manage
the impact of soil microorganisms and optimize agricultural
practices (Mander et al., 2012). The availability of phosphorus
significantly influences the abundance and diversity of phosphate-
solubilizing bacteria, which play a crucial role in mobilizing P into
plant-available forms (Li et al., 2023). Long-term P fertilization
leads to alterations in soil microbial communities, with high-P soils
promoting different bacterial compositions compared to low-P soils
(Cheng et al., 2020). Continuous use of P fertilizers can result in an
overabundance of certain microbial communities, potentially
disrupting soil health (Dinca et al., 2022). Integrating organic
matter with inorganic fertilizers can enhance beneficial microbial
activity and improve overall soil fertility (Demay et al, 2023).
Organic amendments increase the population of bacteria capable
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of solubilizing inorganic P and contribute to a balanced microbial
ecosystem (Demay et al., 2023). Customized fertilization strategies,
guided by regular soil testing, should take into account the existing
soil P status and microbial community composition to optimize
plant growth and maintain microbial balance (Peng et al., 2021).
Reducing excessive P application minimizes environmental risks
such as runoff and water pollution, promoting sustainable
agricultural practices and environmental protection. By
implementing these strategies, the impact of soil microorganisms
can be effectively managed, leading to improved soil health and
sustainable crop production. Therefore, to minimize the impact of
soil microorganisms, it may be necessary to make adjustments to
fertilizer schedules.

The selection of oilseed flax (Linum usitatissimum L.) for this
research is based on its economic significance, ability to thrive in
semi-arid regions, and its positive impact on soil health. Oilseed flax
is a key source of linseed oil, valued for its nutritional advantages
and its role in crop rotation (Fao, 2008). Adding phosphorus
fertilizer has shown to be effective in increasing oilseed crop yield
and enhancing grain quality (Liu et al., 2016b; Powers et al., 2016).
However, there is limited knowledge about how varying levels of P-
fertilizer affect the growth of oilseed flax and soil microorganisms
within the flax planting system, and what the optimal phosphorus
application rate is for promoting the growth of oilseed flax and
improving soil health. To fill this gap, a field experiment was
conducted involving four treatments: application of different P
doses and a control group. The goals of this study were to
determine: (1) the impact of P fertilizer application on the yield,
dry matter, P use efficiency, accumulation, and translocation in
oilseed flax, (2) the interaction between soil microbial community
composition and structure with varying levels of phosphorus
fertilizer inputs and environmental factors, and (3) the
economically viable rate of phosphate fertilizer application, in
order to contribute towards sustainable agriculture practices and
increased productivity.

2 Materials and methods
2.1 Study site and fertilization treatment

The field experiment is performed at Zhangbei County,
Zhangjiakou City, Hebei Province, China (114°57°10” E, 41°7°23”
N, altitude 1,430 m). The area experiences a mean annual
temperature of 3.2°C, 2300-3100 sunshine hours, 140 KJ cm?
radiation dose, a frost-free period of 90-120 days, annual
precipitation of 392.7 mm, and evaporation of 1722 mm. This
region is characterized by a semi-arid climate. The soil texture is
clay loam. The chemical properties of the topsoil (0~20 cm) before
the experiment are shown in Supplementary Table SI.

The oilseed flax cultivar in this study was Baxuan 3, which was
widely used in the local. A field experiment was set up on May 10,
2017, and harvested on September 24. The experiment included
four treatments: a control without P fertilizer, and three different P
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fertilizer treatments with application of 40 (P40), 80 (P80), and 120
(P120) kg P hm™. The applied mineral fertilizers were urea (N
46%), superphosphate (P,05 16%, Ca 15%), and potassium sulfate
(K,0 50%). Addition N (90 kg N ha') and K (90 kg K ha™)
fertilizer in all treatments. The experimental design had a
completely randomized block design, and the size of each
experimental plot was 6 x 10 m, with three replicates. The land
management methods employed for the fields adhere to the
traditional local model and encompass several specific practices.
Soil preparation entails plowing the fields in early spring to a depth
of approximately 20-25 cm to loosen the soil and integrate organic
matter. For seed sowing, a seeder is used to plant the seeds at a
depth of 2-3 cm, with a row spacing of 20 cm to ensure proper plant
density and optimal growth conditions. Due to the semi-arid
climate, supplementary irrigation is applied during crucial growth
stages, particularly during seed germination and flowering, to
maintain adequate soil moisture. Weed control is achieved
through a combination of manual weeding and the judicious
application of herbicides in accordance with local agricultural
guidelines. Moreover, pest and disease management involve
regular monitoring for pests and diseases, along with the targeted
use of pesticides and fungicides as needed to minimize crop
damage. Harvesting is performed manually when the majority of
the seed capsules turn brown, indicating physiological maturity; the
harvested plants are then dried and threshed to extract the seeds.
These practices align with regional agricultural methods and
optimize the conditions for oilseed flax cultivation in
Zhangbei County.

2.2 Plant sampling and analysis

The dry weight of the above-ground (shoot) and belowground
plant parts (root) and non-grain reproductive parts (including
peels, axles, sepals, flower buds, and pedicels) were measured.
Samples were collected at key growth stages of oilseed flax: 35
days (budding), 55 days (anthesis), 85 days (kernel formation), and
105 days (maturity). During each sampling, one 1-meter-long plant
row was randomly selected from the center of the experimental plot.
The root, stem, grains, and non-grain reproductive were separately
collected. The various flax organ samples were isolated and dried at
105°C for 30 min in the thermotank, then dried at 70°C until the
weight was constant. The dried samples were thoroughly ground
and then filtered with a 1 mm sieve. H,SO4-H,O, decoction and
vanadium-molybdenum yellow colorimetry were used to determine
the P content in various flax parts (Masoni et al., 2007; Mei et al.,
2012). The phosphorus translocation rate (Cassman et al., 1998),
contribution rate (Fageria and Baligar, 2003), agronomic utilization
rate (Rathke et al., 2006), and recovery efficiency (Rathke et al,
2006) were calculated using the following formulas:

Phosphorus translocation rate (%)

3 PT
" P accumulation in organs at flowering stage

(1)
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Phosphorus contribution rate (% )

PT
P accumulation in mature seeds

100 )

Phosphate fertilizer agronomic utilization rate

_ (crops in the P application area — crops in the control area)

P fertilizer consumption

3)
Apparent phosphate recovery efficiency (%)
__ (P uptake in the above ground part of crops in the P application area — P uptake of the above ground crops in the control area)
- P fertilizer consumption x 100
4

Phosphorus translocation (PT, kg ha™') was the accumulation of
phosphorus in stems, leaves, and dry matter in the flowering and
mature stages and the cumulative amount of phosphorus in dry
matter (Masoni et al., 2007).

2.3 Soil sampling and
preparation processing

Three rhizosphere soil samples were randomly selected from
the center rows of the experimental area for each experiment
replicate. A hydraulic probe was used to collect the soil core with
a depth of 0-200 mm (Giddings Machine Company Inc.), and
plastic liners were used to avoid sample contamination. After
sampling, soil samples were stored at 4°C till transferred to the
laboratory. Then, the mixed soil samples were frozen rapidly to -80°
C to preserve their original microbial community and biochemical
properties. Soil physicochemical properties were measured through
air-dried subsamples.

2.4 Soil chemical analysis

A pH meter was used to measure pH value at 1:2.5 (w/v) soil/
solution ratio (Thermo ORION STAR A211). A Leco CN-2000 dry
combustion analysis meter was used to determine soil organic carbon
(SOC) (LecoCorp, USA). Determination of nitrogen (N) in soils was
performed with the Kjeldahl method, while the exchange capacity was
determined by a new generation of ammonium acetate forced
replacement assay. Detection of potassium (K) in soils was carried
out using a flame photometer (FP-640, China). Available P (Olsen P)
was extracted from soils using 0.5 M sodium bicarbonate (NaHCO3)
solution. Then, the extracts were subject to colorimetric determination
(Olsen, 1954). At each sampling, the alkaline phosphatase (ALP)
activities of 1 g wet-weight soil samples were determined (Tabatabai,
1982). P fractionation was performed using the Hedley method
(Hedley et al,, 1982; Li et al,, 2008). 1.0 m HCI-P, 0.1 m NaOH-P,
0.5 m NaHCO;-P (pH 8.5), concentrated HCI-P, Resin-P, and
residual-P were digested with H,SO,-HNO;. Organic and inorganic
P (Pi and Po) were determined using the filtrate derived from 0.5m
NaHCO;-P (pH 8.5), 0.lm NaOH-P, and concentrated HCI-
P fractionation.
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2.5 AM fungal analysis

Spores of AM fungi in soil were counted using the method
described by Daniels (1982). For each sample, spores were extracted
from 20 g of soil through a series of sieves. The spores of AM fungi
in soil samples were counted on a gridded disk under a binocular
stereoscopic microscope at 200 x magnification. The length of the
hyphal was determined by Jakobsen et al. (1992). Mycelia lengths
were determined by grid line intersection, and AM fungal hyphae
and non-AM fungal hyphae were distinguished by irregular septum,
binary branching, irregular wall thickness, and/or connection with
chlamydia pores (Rillig et al., 2002).

2.6 DNA extraction, PCR, and sequencing

Microbial DNA in soil was extracted during the oilseed seedling
stage, budding stage, anthesis stage, kernel stage, and maturity stage.
The microbial DNA was extracted from a 0.5 g soil sample using the
Power Soil DNA Isolation Kit (MO BIO) according to the
manufacturer’s protocols (Lopes et al, 2011). The DNA extracts
were purified using the Bacteria Genomic Prep Mini Spin Kit
(Amersham Biosciences, NJ) and quantified by the Nanodrop-2000
(Thermo Scientific, USA). The DNA extracts were amplified by
primers containing the Roche-454 A and B Titanium sequencing
adapters, an eight-base barcode sequence in adaptor A, 515 F-5'-
GTGCCAGCMGCCGCGGTAA-3 and V4R 5'-TACNVRR
GTHTCTAATYC-3' for the ribosomal region (Wang et al, 2015).
The amplicons were quantified by fluorimetry with Pico Green dsDNA
quantitation kit (Invitrogen, Life Technologies, Carlsbad, CA).
Pyrosequencing libraries were obtained using the 454 Genome
Sequencer FLX platform according to standard 454 protocols (Roche
454 Life Sciences, Branford, CT) at Biocant (Cantanhede, Portugal).

All sequences were processed by the UPARSE pipeline, with
those at 97% similarity being clustered into operational taxonomic
units (OTUs) (Edgar, 2013). Following that, a classification method
was assigned to the OTUs by the RDP classifier shipped trained
with a 16S rRNA training set (Wang et al., 2007). Samples were
resampled to the lowest number of reads (1010) prior to statistical
analysis to normalize the sequence read variability among the
samples using the rarefy command of the vegan add-on package
(Oksanen et al., 2017) in R (3.0.2).

2.8 Statistical analysis

ANOVA was performed with SPSS 19.0 after the homogeneity test
of multivariate data. The main properties of control oilseed flax and P
fertilization were determined by a single degree of freedom control
experiment. The significant difference in the measured data was
calculated by the T-test (P = 0.05). Spearman correlation analysis was
used to determine the relationship between microbial gene copy number,
plant (biomass, phosphorus concentration, and content) and soil
phosphorus variables. A stepwise regression model was built to predict
the relationship between soil properties and systemic bacteriology. Prior
to permutational multivariate analysis of variance (PERMANOVA), the
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Mantel test, and redundancy analysis (RDA), rare OTUs (present in less
than 10% of the samples in the data set) were removed to reduce
inaccurate estimates. Additionally, the changes in o-diversity (including
the Simpson and Shannon diversity) of the microbial community due to
different treatments were also determined. Heatmaps were used to
display the abundance of species in the different samples using the
“vegan” package in R (version 4.0.3, http://www.r-project.org/).

3 Results

3.1 Effects of phosphorus-fertilizer inputs
on the phosphorus accumulation

P fertilizer inputs significantly increased the P accumulation, as
compared with control (Figure 1). The P accumulation increased
with P addition from 40 to 120 kg ha™" in the different flax organs at
five growth stages (seedling, budding, mid-anthesis, kernel-forming,
and maturity stage) (Figure 1). P accumulation in the leaves reached
its maximum at the mid-anthesis stage under the P120 treatment
(Figure 1B). In contrast, P accumulation in the stems, non-grain
reproductive tissues, and roots reached their maximal values at the
maturity stage with P120 fertilization. But the P accumulation in
leaves was similar between P80 and P120 (Figure 1B). In sum, the
application of P fertilizer can lead to an increase of about 102% in
the total phosphorus contents of the ground aboveground plant
parts, including grains (Figure 1). The study revealed that the
application of phosphorus fertilizer significantly increases

A Stems B
30+

201

=
=)
1

10.3389/fpls.2024.1432875

phosphorus accumulation in oilseed flax. This enhancement is
particularly notable during the mid-anthesis and maturity stages,
leading to a substantial overall increase in phosphorus content in
the aboveground parts of the plant.

3.2 Response of plant dry matter and
Olsen-P to phosphorus-fertilizer inputs

P fertilization significantly increased the dry matter of flax, but
no significant impact was observed on root/shoot (Table 1). Though
P fertilizer application increased flax root biomass, no significant
difference was found among different P fertilizer treatments
(Table 1). Olsen-P increased with the increase in P fertilizer
application (Table 1). Typical P deficiency symptoms were
observed in the leaves, roots, no-grains, and stems under nil P
treatments in control plots (Figure 1; Table 1). Olsen-P at P120
showed a higher-level value than PO, P40, and P80, with the
maximum value at the anthesis stage (7.03 mg kg'). The
maximum ALP appeared at the anthesis stage (Table 1). In
contrast, the input of P fertilization showed a negligible impact
on ALP activity. Compared to control groups, the P concentrations
in Resin-P, NaHCO;-Pi, NaHCO3-Po, HCI-Pi, NaOH-Pi, and
residual-P increased significantly at P120 (Supplementary Table
S2). Phosphorus fertilization significantly increases flax dry matter
and soil Olsen-P levels, especially at higher application rates.
However, it has little impact on root/shoot ratios, root biomass
differences among treatments, and ALP activity.

Leaves

- P0

Phosphorus accumulation (kg/hmz)

L] L] T T T T T T T L)
Seedling Budding Anthesis  Kernel  Maturity Seedling Budding Anthesis  Kernel  Maturity — P40
Nongrain reproductive tissues Roots — P30
C D — P120
9]
10+
6
54
3+
L] L} T L] L] L] T T L} L)
Seedling Budding  Anthesis Kernel  Maturity Seedling Budding  Anthesis Kernel  Maturity
Growth stage

FIGURE 1

Phosphorus accumulation in the stems (A), leaves (B), nongrain reproductive tissues (C), and roots (D) of flax during the growing season affected by
different phosphorus management treatments. Bars represent standard error (SE) (n = 4)
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TABLE 1 Effects of P-fertilizer inputs on biomass, root/shoot ratio, Olsen-P and alkaline phosphatase activities (ALP) in different sampling times.

Sampling P-fertilizer Dry weight Root/shoot Olsen P ALP
time input ratio (mg kg™ (nmol gt soil h™)
Shoot

Seedling PO 6.13b 1.33b 0.22a 0.87c 7.39b
P40 8.4la 1.71b 0.20a 2.11b 9.31a
P80 9.96a 2.93a 0.26a 4.32b 10.23a
P120 10.49a 2.44a 0.21a 8.32a 12.44a

Budding PO 15.45b 2.43b 0.16a 0.97¢ 0.63b
P40 16.41b 2.97a 0.18a 2.23b 9.94a
P80 17.23a 2.87a 0.17a 4.73a 10.78a
P120 18.47a 2.46b 0.13b 6.78a 12.48a

Anthesis PO 21.77b 3.41b 0.16a 1.47d 9.96b
P40 24.53a 4.69a 0.19a 251¢ 10.13b
P80 25.69% 5.5% 02la 4.89b 11.23a
P120 25.41a 5.43a 02la 7.03a 13.09a

kernel PO 26.45b 5.73b 0.22a 0.96¢ 9.31b
P40 28.99a 6.24a 0.22a 1.78b 9.97a
P80 3233a 6.88a 0.21a 433a 10.97a
P120 33.46a 7.03a 0.21a 6.11a 12.95a

Maturity PO 23.48¢ 6.47b 0.28a 0.74c 8.43b
P40 27.71b 6.82a 0.30a 0.23¢ 8.04b
P80 29.44a 6.93a 0.25a 3.44b 9.43b
P120 29.75a 7.11a 0.24a 4.58a 11.23a

Summary of ANOVA

P-fertilizer input o oex il * > *

Time * - - * *

P-fertilizer input ok h > NS NS NS

* Time

Significant differences among three phosphorus fertilization inputs and sampling times within each variable are indicated by different lowercase letters. Additionally, *, **, and *** separately

represent P<0.05, 0.01, and 0.001, while NS represents not significant.

3.3 Response of yield, phosphorus
translocation, use efficiency and apparent
phosphorus recovery efficiency to
phosphorus-fertilizer inputs

The translocation and translocation efficiency of phosphorus in
leaves and dry matter presented the highest value at the P80 level
(Table 2). Similarly, the contribution rate of phosphorus in leaves and
dry matter increased with P addition (from 0 to 80 kg ha-1) and then
decreased with the increase of P application (> 80 kgha™). Compared
with control groups, the yield of P40, P80, and P120 treatments
increased by 229.0, 259.7, and 353.7 kg ha', respectively (Table 2).
When the phosphate fertilizer increased by 200% (from 40 to 120 kg
ha™'), the yield only increased by 1.73% to 7.04%, suggesting the
increase in phosphate fertilizer far exceeded the increase in yield.
Apparent P recovery (APR) efficiency and agronomic use efficiency of
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phosphate fertilizer were both increased in oilseed flax exposed to low
P fertilization rates (< 80 P kg ha™), with the highest found at the P80
level (Table 2). The decrease that followed indicated that the yield-
boosting impact of phosphate fertilizer lessens as the input of
phosphorus fertilizer increases. The optimal application of
phosphorus at 80 kg ha™ maximizes phosphorus translocation,
recovery efficiency, and agronomic use efficiency in oilseed flax.
However, higher rates result in diminishing yield returns.

3.4 Effects of P-fertilizer input on the AM
fungal diversity, spore density and hyphal
length density

The spore density, evenness, Shannon-Wiener diversity index,
Simpson diversity index, and AM fungal richness are different at
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TABLE 2 Effect of phosphorus management treatments on the seed yield, phosphorus translocation, translocation efficiency, contribution rate,
agronomic use efficiency, and apparent phosphorus recovery efficiency of oilseed flax.

P translocation effi- Contribution

P translocation

1 . ciency o . Apparent P
(kg ha™ Dry weight) ©) rate (%) Seed yield Increase Agror?o.mlc use A —
Treatment 1 seed efficiency .
(kg ha™) . o 1 efficiency
yield (%) (kg kg™) 5
Dry Dry Dry (%)
Leaves Leaves Leaves
matter matter matter
PO 41.32¢ 0.21¢ 37.28¢ 30.31c 4531a 4.34c 1543.37b — — —
P40 53.44b 12.45b 46.32b 32.43bc 20.14c 5.01b 1772.36a 20.35 5.13 16.61
P8o 66.83a 20.63a 58.38a 46.79a 30.09b 6.44a 1803.11a 25.85 5.23 18.88
P120 59.14b 15.62b 47.31b 34.53b 19.17¢ 4.39¢ 1897.11a 32.41 4.76 15.77

The different letters in the same column indicate significant differences among treatments (P<0.05).

each sampling time (Table 3). No consistent model could be used to
describe temporal changes in AM fungal diversity indexes. The
number of OTUs and diversity indexes did not show any significant
difference between P fertilization treatments (Table 3). No
significant difference in hyphal length density (HLD) was found
under different P fertilizer applications, and spore density decreased
in the P120 relative to the low P application rate at budding and
anthesis stages (Table 3). To sum up, sampling time was an essential

factor influencing evenness, Shannon-Wiener diversity index,
Simpson diversity index, and AM fungal richness. The impact of
the P fertilization rate on these indicators was not significant, with
the exception of seedling abundance as shown in Table 3. Sampling
time had a significant influence on AM fungal diversity and spore
density. Phosphorus fertilization rates had minimal impact on these
metrics, except for a decrease in spore density at higher P levels
during specific growth stages.

TABLE 3 AM fungal diversity, spore density and hyphal length density affected by P-fertilizer input and sampling time.

Sampling P-fertilizer =~ Richness = Shannon-  Simpson Evenness Hyphal length density Spore density
time input wiener (mg™ sail) (971 soil)

Seedling PO 8.75a 0.97a 0.21a 0.19a 0.94a 1.77a

P40 6.75a 0.72b 0.18a 0.09b 0.87b 1.78a

P80 7.83a 0.83b 0.19a 0.07b 0.82b 1.78a

P120 8.44a 0.96a 0.22a 0.06b 0.80b 1.77a
Budding PO 9.42a 0.72a 0.24a 0.17a 0.87a 1.43a

P40 7.78a 0.33¢ 0.21a 0.08b 0.83b 1.31b

P80 8.62a 0.41c 0.23a 0.06b 0.79b 127b

P120 0.14b 0.63b 0.27a 0.05b 0.70c 1.19b
Anthesis PO 8.47a 0.81a 0.23a 0.14a 0.81a 1.14a

P40 6.37a 0.45¢ 0.19a 0.09b 0.83a 1.0la

P80 6.72a 0.49¢ 0.21a 0.07b 0.74b 0.97b

P120 8.71a 0.79a 0.24a 0.06b 0.63¢ 0.87b
kernel PO 9.32a 0.94a 0.21a 0.13a 0.71a 1.02a

P40 7.32a 0.57b 0.17a 0.10a 0.33b 0.71b

P80 8.21a 0.61b 0.18a 0.08b 0.45b 0.70b

P120 9.73a 0.87a 0.21a 0.05b 0.40b 0.68b
Maturity PO 10.12a 1.03a 0.24a 0.17a 0.68a 0.97a

P40 8.07a 0.71a 0.18a 0.12b 0.57a 0.74b

P80 9.77a 0.83a 0.20a 0.11b 0.39b 0.61b

P120 10.03a 0.97a 0.22a 0.10b 0.30b 0.58b

(Continued)
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TABLE 3 Continued

10.3389/fpls.2024.1432875

Sampling P-f_ertilizer Richness Sha_nnon- Simpson Evenness Hyphal lenlgth.density Spor_e deljsity
time input wiener (mg™ soil) (971 soil)

Summary of ANOVA

P rates NS * NS NS NS *

Time - - NS - * *

P rates * Time NS NS NS NS NS NS

Significant differences among P-fertilizer inputs and sampling times within each variable are indicated by dissimilar lowercase letters according to the Duncan test. Additionally, *, **, and ***

separately represent P<0.05, 0.01, and 0.001, while NS represents not significant.

3.5 Response of bacterial communities to
phosphorus-fertilizer inputs

In this study, according to 16S rRNA gene sequence taxonomy
assignments, 28,724 OTUs were obtained from 435,869 soil sequences.
The top four phyla were Acidobacteria (126,173 sequences, 23.6% of
relative abundance), Proteobacteria (88,916 sequences, 17.5% of relative
abundance), Bacteroidetes (66,393 sequences, 15.4% of relative
abundance) and Actinobacteria (52,910 sequences, 9.43% of relative
abundance) (Figure 2). It was also consistent with the conclusion of
Chu et al. (2010). It indicated that maintaining sufficient soil P can result
in higher abundances of Proteobacteria. Archaea accounted for less than
5% of the total prokaryote abundance. Most of the archaea species (more
than 95%) were classified as the family Nitrososphaeraceae.

Heatmap analysis was used to illustrate the distribution of the
seven dominant classes under various P fertilizer inputs (Figure 3). P
fertilizer input increased the relative abundance of Bacteroidetes,
Sphingobacteria, and Acidobacteria_Gpl6 in flax soils, while the

100%

80%
60%
40%
) IIIII I
0% a b c d e a b c d e
PO P40
. Acidobacteria Bacteroidetes

- Proteobacteria - Actincbacteria

FIGURE 2
Taxonomic abundance of prokaryotic-16S rRNA OTUs at phylum level at

A B

abundance of Proteobacteria decreased. Furthermore, the
abundance of Bacteroidetes increased with growth time, and these
taxa were the most abundant in P-fertilized soils at the maturity stage.
As shown in Table 4, P fertilization significantly impacted all classes
in flax soils (P< 0.05). The combined effect of P fertilizer input and
available P significantly impacted Acidobacteria_GP6,
Sphingobacteria, and Bacteroidetes in flax soils (P< 0.05, Table 4).
Phosphorus fertilization has a significant impact on the soil bacterial
community in oilseed flax fields. It increases the abundance of certain
bacterial classes while decreasing others, and this effect is influenced
by both P fertilizer input and available phosphorus levels.

3.6 Effects of environmental variables on
microbial community

The impact of environmental factors on microbial
community structure was determined by analysis of variance

C D

P80 P120

- Gemmatimonadetes - Nitrcoapirae

- Chloroflexi Verrucomicrobia

the flax seedling (a), budding (b), anthesis (c), kernel (d), and maturity stage

(e) influenced by different phosphorus management treatments (A: PO, B: P40, C: P80, D: P120). This demonstrates how different levels of
phosphorus fertilizer impact the composition of soil bacterial communities. Acidobacteria consistently dominate, but increasing phosphorus levels

tend to promote the abundance of Proteobacteria and Bacteroidetes.
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FIGURE 3

A heatmap showing the dominant classes for flax soils at maturity stage (E) under different phosphorus management treatments. The color scale is
rank-based, with the darkest and lightest colors representing the highest and lowest relative abundance of each taxon among the four systems,
respectively. The superscript numbers denote marginal (p = 0.08) and significant (P< 0.05).

P80 P120

(VPA) and redundancy analysis (RDA) (Figure 4). The first two
plots of the RDA accounted for the total data variance of 18.26%
and 13.17%, respectively. The results showed a significant
correlation between environmental variables and abundant
bacterial communities (P = 0.002, Monte Carlo test). The
combined environmental parameters, P fertilization addition,
soil properties, available phosphorus, and P recovery efficiency
explained 42.86%, 17.23%, 13.72%, 3.02%, and 1.08% of bacterial
community variation, respectively (Figure 4B).

The relationship between the dominated bacterial categories
and soil properties was evaluated by stepwise regression (Table 5).
Soil TN and pH accounted for 17.9% and 42.9% of the variations of
Actinobacteria_GP4, respectively. Soil pH, TN, and TP accounted
for 46.1%, 26.7 and 9.1% of the variations of Acidobacteria_GP6,
respectively. Soil TN, TP, and Olsen-P accounted for 17.5%, 6.8%,
and 19.3 of the variations of Actinobacteria, respectively. Soil TK,
Olsen-P, and SOC accounted for the variations of
Actinobacteria_GP4. Soil TK, Olsen-P, TN, and TP accounted for
6.9%, 19.9%, 24.6%, and 49.2% of the variations of Sphingobacteria,
respectively. SOC and TN accounted for 6.7% and 8.8% of the
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TABLE 4 Results from a two-way ANOVA testing the effects of fertilizer
regimes (FR), available phosphorus (AP), and FR x AP on relative
abundances of the 7 dominant classes in flax soils.

Factors FR® AP® FR*AP®
Actinobacteria 5.27** 18.07** 0.94ns
Acidobacteria 4.77%* 16.82%** 0.78ns
GP4

Acidobacteria 18.23** 16.774* 5.71%*
GP6

Acidobacteria 2.72* 17.88*** 1.09ns
GP16

Sphingobacteria 22.43%%% 12.720%% 2.58*
Bacteroideters 12.31%%* 11.44%%* 4.78**
Proteobacteria 5.11%% 14.374* 1.26ns

ns: not significant.

*P< 0.05, **P< 0.01, ***P< 0.001.

“FR: No P fertilization (P0) and P fertilization during flax season.
PAP: different soil available phosphorus before planting flax.
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FIGURE 4

Redundant analysis (RDA) (A) and variance distribution analysis (VPA) (B) were performed on partial RDA of soil bacterial communities according to
available phosphorus (AP) and fertilizer system (FR) from Zhangjiakou City. The RDA factors were selected based on the Variable Expansion Test (VIF).
Soil properties include SOC (Soil organic C), TN (total N), TK (total K), apparent P recovery efficiency (AVE), Olsen-P, and pH with different

phosphorus management treatments during the 2017 flax season.

variations of Bacteroidetes, respectively. Soil Olsen-P, Tk, and SOC
accounted for 29.8%, 16.7%, and 10.8% of the variations of
Proteobacteria, respectively (Table 5). Soil bacterial communities
in oilseed flax fields are significantly influenced by environmental
variables, especially soil properties and phosphorus management.

4 Discussion

The use of phosphorus fertilizer resulted in a substantial
increase in phosphorus accumulation from the flowering to
maturity stages, leading to a significant shift in phosphorus
accumulation in a particular flax organ (Figure 1). The enhanced
phosphorus accumulation and its redistribution among various
plant organs as a result of phosphorus fertilization support the
conclusion of the study that optimizing phosphorus application is
crucial for improving dry matter accumulation, phosphorus
remobilization, and ultimately grain yield in oilseed flax (Xie
et al, 2014). The P content in leaves decreased sharply, which
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inferred that those leaves play an important role in increasing the P
content in grains. In wheat, the phosphorus deposited in the seed
comes from the vegetative organs and leaves (Peng and Li, 2005).
Because the leaves and stems have significant phosphorus
translocation efficiency during seed development (Papakosta,
1994; Dordas, 2009). The P translocation efficiency, contribution
rate, recovery efficiency, and agronomic use efficiency increase with
P addition (from 0 to 80 kg ha-1) but decrease with the increase of P
application (> 80 kg ha') (Table 2). Many studies have reported the
relationship among yield, yield components, the rate of P fertilizer
application, and P accumulation in field and pot experiments
(Fageria, 2014; Vandamme et al., 2016). For improved
phosphorus acquisition and accumulation in straw biomass, high
phosphorus concentration may lead to reduced use efficiency and
translocation efficiency for grain production (Wang et al., 2017a).
The fiber content in the stem of oilseed flax was higher, suggesting
that the stem and non-grain reproductive parts of oilseed flax had a
higher demand for phosphorus (Grant et al., 2010), which was
consistent with the results of this study. Therefore, a low straw P
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TABLE 5 Stepwise regression analysis of the relationship between the relative abundance of 7 dominant classes and soil properties in flax soils.

Classes Predictor variable = Partial R? Sign F P
Actinobacteria N 0.18 + 7.46 0.001
TP 0.07 - 8.23 0.002
Olsen-P 0.19 - 13.88 0.001
Acidobacteria GP4 pH 0.43 + 41.22 <0.001
TN 0.18 + 50.46 <0.001
Acidobacteria GP6 pH 0.46 + 48.11 <0.001
N 0.27 + 56.67 <0.001
TP 0.09 - 6.88 0.002
Acidobacteria GP16 TK 0.32 + 31.07 <0.001
Olsen-P 0.19 - 8.03 0.005
SOC 0.10 - 8.13 0.006
Sphingobacteria TP 0.49 - 44.82 <0.001
TN 0.25 - 18.23 <0.001
TK 0.07 + 11.22 0.002
Olsen-P 0.20 + 17.62 <0.001
Bacteroideters ™ 0.09 + 4.97 0.005
SOC 0.07 + 10.23 0.002
Proteobacteria SOC 0.11 - 13.42 0.002
Olsen-P 0.30 + 21.10 <0.001
TK 0.17 - 13.80 <0.001

It provides insights into how different soil properties influence the abundance of various bacterial classes in flax soils, which is valuable for understanding soil microbial ecology and managing soil

health in agricultural systems. +, significance; -, no significance.

concentration, which may be beneficial for yield formation, can be
used as a criterion for the estimation of high P use efficiency during
the selection of genotypes for breeding programs (Figure 5).

The input of phosphate fertilizer had a more significant reduction
in the diversity indexes of AM fungal (Table 3; Figure 4), which was
consistent with previous research by Zhao et al. (2014). However, the
number of OTUs and diversity indexes did not present any
significant difference among P fertilization treatments (Table 3).
These results were consistent with the response of AM fungi
community at roots to P input in the exact field location (Wang
et al., 2017b). Both shoots and roots will select a stable community of
AMF if the same crop has been planted in the same field for a long
time. The impact of soil on the diversity of AM fungi may be more
significant than its impact on phosphorus availability (Williams et al.,
2016; Lang et al,, 2018). No significant difference in hyphal length
density (HLD) was found under different phosphorus fertilizer
applications. Additionally, the spore density of P120 was decreased,
relative to the low phosphorus application at the budding and
anthesis stages. (Table 3). The diversity and growth of AM fungi
are significantly impacted by the application of phosphorus fertilizer
and the timing of sampling. Optimal diversity and growth of AM
fungi are observed at either very low or very high phosphorus levels,
depending on the growth stage of maize plants. These findings
underscore the importance of phosphorus management in
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sustaining a healthy AM fungal community, with potential
implications for soil health and plant development. These results
align with previous studies showing a decrease in spore density
(Bhadalung et al, 2005), and HLD did not show any significant
change and even decreased under high soil P levels (Lang et al., 2018).
Because P enrichment generally suppressed mycorrhizal root
colonization and reduced AM fungal hyphae growth (D'Avolio
et al,, 2014). High P availability in soil reduces C allocation to plant
roots, thus directly weakening C-allocation to the AM fungal partner
(Johnson et al., 2015). We assume that there should be a P threshold
that can act on fungi diversity. More P fertilization gradient
experiments need to be set in the future to verify our hypothesis.

It is well established that soil pH is the most vital factor in
structuring bacterial communities (Rousk et al., 2010; Shen et al.,
2013). We detected that the relative abundance of Acidobacteria was
significantly affected by soil pH (Figure 4, Table 5); which agreed with
the recent findings by Shen et al. (2013) and Wang et al. (2018).
Moreover, it was also found that other soil properties like soil TN
were positively correlated with the community composition of
Acidobacteria_GP4 and Acidobacteria_GP6, which are consistent
with the findings of Nacke et al. (2011) and Zhao et al. (2014). Soil
properties, especially TP and Olsen-P, were the main factors that
influenced the dominant bacterial classes in the soil. The relative
abundance of Acidobacteria was significantly correlated with soil TN,
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FIGURE 5

mechanism of interaction between phosphorus-fertilizer inputs and microbiota. Phosphorus fertilizer input initiates a series of beneficial changes in
soil chemistry and microbial activity, leading to improved plant nutrition and sustainable agricultural practices. The stimulation of phosphorus-
solubilizing microorganisms and their mechanisms play a crucial role in making soil phosphorus more available, which enhances plant growth and

reduces the reliance on chemical fertilizers.

TP, and Olsen-P, suggesting that Acidobacteria thrives in soils when
available P increases Wang et al. (2017). Bacteroidetes are highly
correlated with TN and SOC in the soil, which is consistent with the
previous study of Nacke et al. (2011). However, this study showed
that there was no significant effect of P fertilization on the relative
abundance of Acidobacteria or Proteobacteria despite the fact that
Olsen-P was higher in treatments than in control (Table 1; Figure 2),
which was a discrepancy with Fierer et al. (2005) and Campbell et al.
(2010). Though soil microbial community variation is related to
multiple indicators even under P fertilization, the supplement and
limitation of P may be an essential factor for affecting the
microbial community.

Frontiers in Plant Science

5 Conclusions

To sum up, the moderate-P supply (80 kg ha™) not only
promoted the productivity of oilseed flax but also was good for
increased P translocation and P use efficiency. High P-fertilizer
input has no significant effects on fungal diversity, and it even
backfired. However, phosphate fertilizer action is a primary driving
factor of the structure of bacteria in the soil planted with flax. So far,
phosphorus management in such soil types has not exerted any
negative influence on microbial communities in the soil. The
accumulated evidence highlights the importance of incorporating
microbial communities to maximize the absorption efficiency of
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phosphorus. Therefore, it is crucial to understand the interaction
between flax and microbiota, use soil microbes most effectively
through a fertilization regime, and finally create a sustainable
system for flax cultivation in local areas. In the future, the
interaction between P cycling and microbial function, as well as
the specific mechanism of influence on plant growth by P fertilizer,
should be fully explored to design and develop more efficient

agricultural management schemes.
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