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Highlights

¢ Low-P soil conditions intensified the negative feedback effects in vegetables.

¢ High-P application mitigated the negative feedback effects in vegetables.

¢ Home-PSFs of wild tomatoes exhibited greater sensitivity to soil P levels compared to common tomatoes.

Abstract

Home plant—soil feedbacks (home-PSFs) typically demonstrate negative effects in vegetable crops, substantially inhibiting
their growth. Phosphorus (P), an essential plant nutrient crucial for growth, influences vegetable crop growth patterns
through soil availability levels. However, the relationship between soil available P levels and home-PSFs in vegetable
crops requires further investigation. This study established a home PSF system incorporating 12 vegetable crops from
6 families to examine growth responses under two P conditions (low P level: 40 mg P kg™ soil; high P level: 200 mg P
kg™ soil). The findings revealed that low P conditions significantly decreased overall biomass across all vegetables, with
preferential biomass allocation to root development. Furthermore, low P conditions enhanced mycorrhizal colonization and
rhizosphere acid phosphatase activity while notably decreasing root length. While vegetables generally exhibited negative
home PSFs, allium and nonmycorrhizal plants demonstrated positive responses under high P conditions. Wild tomatoes
displayed greater variation in feedback values across P levels compared to common tomatoes. Under high-P conditions,
mycorrhizal colonization showed positive correlations with feedback values of biomass and P concentration. Root diameter
and mycorrhizal colonization demonstrated distinct correlations with these feedback values under low-P conditions. The
research concludes that high P levels effectively mitigate negative home-PSFs in vegetables while increasing biomass
production. Additionally, high P levels demonstrated superior efficacy in alleviating negative home-PSFs in wild tomatoes

compared to common tomatoes.
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1. Introduction

The interaction between plants and soil operates as a
feedback mechanism, where plant—soil interactions are
mediated by the plant—soil feedback (PSF) process (Wang
et al. 2025). PSFs describe how plants modify the biological
and abiotic properties of soil, subsequently influencing the
growth of the same or different plant species (Abiem and
Chapman 2025). This mechanism influences the growth

and productivity of subsequent plant species (Dias et al.
2015). Plants alter soil characteristics through root exudates
and plant residues, generating various feedback effects on
subsequent vegetation (Yacine et al. 2024). These PSFs
play essential roles in multiple ecological processes, including
vegetation succession, plant invasion, and biodiversity
maintenance. PSFs may be neutral, positive, or negative (van
der Putten et al. 2013; Teste et al. 2017). Negative PSFs
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can arise from factors including nutrient depletion, soil-borne
pathogen accumulation, beneficial microbe reduction, and
soil chemistry modifications (Bennett and Klironomos 2019;
Schandry and Becker 2020).

Agricultural management practices, encompassing
cropping system selection, plant species choice, and soil
management techniques with their associated soil legacies,
substantially affect soil’s physical, chemical, and biological
properties, including microbial community composition.
These alterations can produce distinct feedback effects on
subsequent crop growth and yield (Dias et al. 2015). In
agriculture, polycultures have historically served to mitigate
the negative effects of monocultures and enhance beneficial
interspecific interactions (Stagnari et al. 2017). However,
conventional agronomic practices may generate adverse
PSFs within agroecosystems via ecological and evolutionary
mechanisms (Barber et al. 2013). In agricultural systems,
home PSFs describe how plants modify soil’'s biological
and abiotic properties, affecting the growth of identical
crop species (Veen et al. 2018; Kural-Rendon et al. 2025).
Negative feedback is particularly evident in home PSFs
characterized by continuous cropping (Kural-Rendon et al.
2025). This practice affects soil quality, subsequently
impacting plant growth. Continuous cultivation often
produces detrimental effects within the PSF system, impeding
sustained cultivation and crop development. These issues
stem from interactions among environmental conditions,
soil quality, crops, and associated microorganisms (Guo
et al. 2018; Zhang et al. 2019). PSFs frequently depend on
environmental context (Smith-Ramesh et al. 2017). Studies
indicate that extended stationary fertilization has negatively
affected sweet potato soil health, increasing soil-borne
diseases and allelochemical accumulation (Zhu et al. 2024).

Phosphorus (P) represents an essential nutrient required
by plants in substantial quantities. Soil phosphorus levels
significantly influence plant physiological and biochemical
processes, affecting growth strategies (Lambers et al.
2008; Shen et al. 2011; Lopez-Arredondo et al. 2014;
Pu et al. 2023). Typical root morphology adaptations
include increased specific root length and fine root length
ratio. These modifications enable the root system to
explore larger soil volumes, enhancing water and nutrient
absorption efficiency (Postma et al. 2014; Haling et al. 2018).
Plants acquire P through the secretion of organic acid anions,
phosphatases, and protons — collectively termed P-activated
exudates. These compounds enhance both inorganic
and organic phosphorus solubility within the rhizosphere,
improving nutrient uptake (Richardson et al. 2011; Pang
et al. 2018). However, the mechanism by which P affects
plant—soil feedbacks remains unclear. Fertilizer applications
influence soil microorganism function and diversity (de Vries
et al. 2017), potentially representing a pathway through which
P influences these feedback mechanisms.

Low P stress can enhance and accelerate the formation
of symbiotic relationships between plant roots and arbuscular
mycorrhizal fungi (AMF), thereby increasing phosphorus uptake
in most plant species. AMF establish mycelial networks that
can access inorganic phosphorus beyond the root depletion
zone, thus enhancing nutrient availability for plants (Smith et al.

2011; van der Heijden et al. 2015). Consequently, AMF likely
influence plant—soil feedbacks during succession, with many
late successional species exhibiting strong positive growth
responses to AMF (Middleton and Bever 2012; Koziol and
Bever 2015; Bauer et al. 2018). Substantial evidence indicates
that AMF composition shifts during succession (Oehl et al.
2010; Schnoor et al. 2011; House and Bever 2018), and field
inoculation with late successional fungi can accelerate plant
succession (Middleton et al. 2015; Koziol and Bever 2017).
AMF can ameliorate the negative home feedback of legumes
(Minas et al. 2024). Furthermore, the long-term influence of
AMF on plant communities is driven by positive plant-AMF
feedback dynamics across successional stages (Koziol and
Bever 2019).

PSF direction and magnitude are typically species- and
variety-specific (Cadot et al. 2021; Awodele and Bennett
2022). This variation may stem primarily from reduced crop
genetic diversity, resulting in differences in rhizosphere
microorganism diversity, root structure, and root exudates
of domesticated crops (Schmidt et al. 2016; lannucci et al.
2017). Domesticated tomato plants demonstrate greater
susceptibility to negative soil feedback compared to their wild
counterparts (Carrillo et al. 2019). Limited genetic diversity in
crops may influence the type, strength, or diversity of below-
ground interactions (Perez-Jaramillo et al. 2016). Moreover,
substantial differences exist in root architecture (Schmidt
et al. 2016) and root exudates (lannucci et al. 2017) between
cultivated crops and their wild relatives. However, the effects
of P-mediated feedback during tomato domestication and the
interactions between wild tomatoes and soil remain unclear.

This study established a home PSF system incorporating
12 vegetable crops from six families to monitor growth
changes at two P levels (low P level: 40 mg P kg™ soil; high
P level: 200 mg P kg™ soil). The methodology addresses
categorical distinctions among vegetable crops and enhances
understanding of intraspecific genetic variation in plant-soil
feedbacks, typically examined at the species level (Bukowski
et al. 2014; Wagg et al. 2015; Allen et al. 2018). Additionally,
by quantifying negative feedbacks within vegetable crops
relative to soil, this research aims to mechanistically link
compositional changes in soil P levels with functional
alterations in plant growth, offering important agricultural
implications for continuous vegetable cropping.

2. Materials and methods
2.1. Experimental design

The conditioning phase experiment utilized a randomized
complete block design with two factors (Pu et al. 2023): (1)
vegetable species: 12 vegetable species (detailed information
provided in Appendix A), and (2) P supplies: 40 and 200 mg P
kg™ soil.

The home-PSF experiment examined two main factors: (1)
home PSFs using 12 vegetable crops with their respective
home soil feedback systems and (2) P supply levels (as
KH,PO,), specifically 40 and 200 mg kg™ (Fig. 1).

To minimize accumulation effects from plant residues during
the adjustment phase and variations in nutrient uptake from
soil nutrients, vegetable crops were cultivated and harvested
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Fig. 1 Experimental design for evaluating home-field feedback effects across 12 vegetable species.

in a controlled environment. Sterilized soil was added at
a 1:1 ratio for every 5 replicates, effectively increasing the
total replicates to 10 (Pu et al. 2023). The feedback phase
implemented a randomized complete factorial block design
with five replicates, totaling 240 pots. Pots were systematically
rerandomized weekly to maintain experimental integrity.

2.2. Soil and vegetable species for the experiment

The low-P soil, which had been fallow for two years, was
collected from Sungezhuang Village, Dying Town, Xiongxian
County, Baoding City, Hebei Province, China (116°09°E,
39°05'N). The soil exhibited the following properties: pH
7.38 (clay to water ratio of 1:2.5); total nitrogen (N), 1.32 g
kg™; available P, 2.29 g kg™"; available potassium (K), 123 g
kg™'; and organic matter, 13.6 g kg™'. The soil was sieved,
thoroughly mixed, and placed in plastic flowerpots (1.5 kg of
mixed soil per pot) with dimensions of 15 cm height, 20 cm
top diameter, and 12 cm bottom diameter.

The low-P soil was contained in nylon bags and sterilized
using *°Coy (Hebei Nuclear Force Tongfang Radiation
Technology Co., Ltd., China), with an irradiation dose of
10 kGy 60Coy-ray.

The study included 12 vegetable species (identical
to those used in the conditioning phase experiment),
comprising 9 species with AMF symbiotic relationships:
allium (Allium fistulosum L., Lillaceae), cucumber (Cucumis
sativus L., Cucurbitaceae), watermelon (Citrullus lanatus,
Cucurbitaceae), lettuce (Lactuca sativa Linn., Compositae),
chrysanthemum (Chrysanthemum coronarium L.,
Compositae), pepper (Capsicum annuum, Solanaceae),
eggplant (Solanum melongena L., Solanaceae), and common
and wild tomato (Lycopersicon esculentum, Solanaceae).

Additionally, three non-AM (NM) species were selected:
spinach (Spinacia oleracea L., Chenopodiaceae), sugar
beet (Beta vulgaris L., Chenopodiaceae), and rape (Brassica
chinensis Linn., Brassicaceae). These NM species were
chosen for their agronomic importance and distinct P
acquisition strategies compared to AM species. The study
implemented two P levels using KH,PO,: low-P level (LP) at
40 mg kg™ soil and high-P level (HP) at 200 mg kg™ soil. The
soil was enriched with nutrients at specific rates (mg kg™):
N 100, K 327, Ca 46, Mg 4.2, Fe 0.88, Na 0.36, Mn 1.8, Zn
2.5, and Cu 0.57, supplied as (NH,),SO,, K,SO, and KH,PO,,
CaCl,, MgSO, 7H,0, EDTA Fe-Na, EDTA Fe-Na, MnSO,
H,O, ZnSO, 7H,0, and CuSO, 5H,0, respectively. K,SO,
was added according to Appendix B to maintain uniform
K concentration across treatments containing 40 mg kg™
Non-P nutrients were adjusted to ensure P remained the sole
variable. Native soil AMF were permitted to colonize crop
root systems without additional inoculum introduction.

2.3. Plant growth conditions

The experiment was conducted in a controlled light culture
chamber at Hebei Agricultural University’s west campus in
Baoding, Hebei Province (39°04°N, 116°09°E). Initially, three
to six uniformly sized seedlings were planted per pot, later
thinned to one plant per pot. Soil moisture was maintained
at (60+10)% field capacity through regular weighing. The
cultivation period extended from October 8, 2020, to
December 8, 2020, encompassing 60 days.

2.4. Harvest and measurements

During harvest, the shoot was separated from the root system
using scissors. The fresh shoot biomass was measured and
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stored in envelopes. Samples underwent oven drying at
105°C for 30 min followed by 72°C for 48 h. After drying, the
shoot biomass was measured. The shoot P concentration
was determined using the standard vanado—molybdate
method after digesting samples in a H,SO,-H,0, mixture at
360°C for 2 h (Bao 2000).

The rhizosphere soil remained attached to the roots. The
rhizosphere soil pH (1:2.5, soil:water) was measured using a
pH meter (Shanghai REX Instrument Factory, China). After
sampling the rhizosphere soil, all visible roots were carefully
excised from each pot. The root samples were cleaned with
deionized water. The cleaned root samples were arranged
in a transparent array of 30 cmx20 cmx3 cm and scanned
at 400 dots per inch resolution using an EPSON scanner
(Epson Expression 1600 pro, Seiko Epson Corporation,
Model EU-35, Japan). Root traits were analyzed using
WinRHIZO Pro software (Regent Instruments Inc., Quebec,
Canada). Following scanning, the root samples were oven-
dried at 70°C for three days to determine root biomass.
These data were used to calculate the root-to-shoot biomass
ratio. Rhizosphere acid phosphatase activity was quantified
using p-nitrophenyl phosphate (p-NPP) (Alvey et al. 2001).
The p-NPP concentration in the supernatant was measured
spectrophotometrically at 405 nm.

Root samples were treated with 10% (w/v) KOH solution
and incubated in a 90°C water bath. Following this, the
samples were treated with 2% (v/v) HCI solution at room
temperature for transparency. The samples were stained with
0.05% (w/v) nonvital Trypan blue solution in a 90°C water
bath. After staining, root fragments were immersed in a lactic
acid-glycerol-water mixture (v/v/v, 1:1:1) overnight to remove
excess stain. Each sample, approximately 1 cm in length,
was mounted on two slides for light microscope examination.
Mycorrhizal colonization by AMF was assessed following the
methodology of Trouvelot et al. (1986).

2.5. Statistical analysis
To evaluate the responses of plant traits across 12 vegetable

species to different P levels, two-way analysis of variance
(ANOVA) was conducted using a randomized block
design. The analysis examined the effects of P levels and
PSF as main factors, and their interaction, on plant traits.
Significant differences among means were determined
using the Tukey test at P<0.05. A multiple regression model
examined relationships between root diameter or mycorrhizal
colonization and feedback value. Principal component
analysis (PCA) and Spearman’s correlation analysis
investigated relationships between plant traits and feedback
values among the thirteen vegetable species. Statistical
analyses were performed using SPSS 26.0 software (IBM
Corp., Armonk, NY, USA), and graphs were generated using
Origin 2025a (OriginLab, Northampton, MA, USA).

A structural equation model was developed to examine
relationships among plant root and shoot traits, mycorrhizal
colonization, rhizosphere soil pH, and feedback under
different P levels. The structural equation model diagrams
were created using Amos 26.0 software from IBM
Corporation, Armonk, New York, USA.

We calculated the feedback coefficient for measured
parameters using the following equation (Wang et al. 2019):

Plant—soil feedback value=In(Biomass or shoot P content
or mycorrhizal colonization in home soil I/Biomass or shoot P
content or mycorrhizal colonization in home soil I1).

3. Results

3.1. Species-specific trait responses to phosphorus
concentrations

Two-way ANOVA revealed a significant effect of vegetable
species and P level on biomass (shoot and root), P
concentration (shoot and root), and the root:shoot ratio
(Table 1). The biomass (of both shoots and roots) of most
vegetables demonstrated distinct responses to changes in
P levels (Fig. 2-A and B). The reduction in shoot biomass
ranged from 85.19% in watermelon to 99.10% in lettuce,
indicating these species’ sensitivity to phosphorus deficiency.
The decline in root biomass varied, with reductions

Table 1 Results of two-way ANOVA for traits among 12 vegetables species and two soil phosphorus (P) treatments

Traits? Species P treatment SpeciesxP treatment

df F-value P-value df F-value P-value df F-value P-value
ShB 1" 132.46 <0.001 1 1,145.66 <0.001 11 93.98 <0.001
RB 11 194.44 <0.001 1 436.13 <0.001 11 79.77 <0.001
ShP 11 2,704.53 <0.001 1 465.30 <0.001 11 1,363.06 <0.001
RP 1" 40.52 <0.001 1 35.07 <0.001 11 54.33 <0.001
RL 11 128.91 <0.001 1 68.27 <0.001 11 198.86 <0.001
RD 11 60.20 <0.001 1 354.88 <0.001 11 47.65 <0.001
RSR 11 46.38 <0.001 1 141.09 <0.001 11 120.36 <0.001
RSP 1" 1,709.76 <0.001 1 5,901.51 <0.001 11 192.68 <0.001
A-Pase 11 223.28 <0.001 1 34.20 <0.001 11 4.96 <0.001
pH 11 21.26 <0.001 1 912.83 <0.001 11 67.21 <0.001
MC 8 216.65 <0.001 1 798.52 <0.001 8 312.60 <0.001
PSF (ShB) 11 1,676.58 <0.001 1 6,467.64 <0.001 11 734.58 <0.001
PSF (ShP) 11 132.46 <0.001 1 1,145.66 <0.001 11 93.98 <0.001
PSF (MC) 8 194.44 <0.001 1 436.13 <0.001 8 79.77 <0.001

Y ShB, shoot biomass; RB, root biomass; ShP, shoot P concentration; RP, root P concentration; RL, root length; RD, average diameter of roots;
RSR, root:shoot ratio; RSP, root P content:shoot P content ratio; A-Pase, acid phosphatase activity in the rhizosheath; pH, rhizosphere soil pH;
MC, mycorrhizal colonization (no non-mycorrhizal plants, n=9); PSF (ShB, ShP, MC), feedback value of shoot biomass, shoot P concentration

and mycorrhizal colonization (no non-mycorrhizal plants, n=9).
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between 55.61% in pepper and 80.65% in chrysanthemum. P levels (Fig. 2-C and D). Under low P levels, a substantial
Notably, cucumber exhibited an exceptional response by reduction in shoot P concentration occurred in allium and
significantly increasing its root biomass by 55.58% under three nonmycorrhizal plants. In contrast, watermelon
low P levels. Under different home-PSFs, shoot and root P and the two other Compositae vegetables demonstrated
concentrations showed distinct responses under high and low significantly increased shoot P concentration under the
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Fig. 2 Variations in biomass (A and B), P concentration (C and D), root:shoot ratio (E) and root P:shoot P content (F) as influenced
by phosphorus levels (40 and 200 mg kg soil). Af, allium (Allium fistulosum L.); Cs, cucumber (Cucumis sativus L.); Cl, watermelon
(Citrullus lanatus); So, spinach (Spinacia oleracea L.); Bv, sugar beet (Beta vulgaris L.); Bc, rape (Brassica chinensis Linn.); Ls, lettuce
(Lactuca sativa Linn.); Cc, chrysanthemum (Chrysanthemum coronarium L.); Ca, pepper (Capsicum annuum); Sm, eggplant (Solanum
melongena L.); CLe, common tomato (Lycopersicon esculentum); WLe, wild tomato. Independent-samples t-test analyses examining the
effects of phosphorus levels within each variety are indicated by asterisks above the bars. Error bars represent SE (n=10). °, P<0.05; ”,
P<0.01; ™, P<0.001; ns, no significant difference.
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same low-P conditions. Regarding root P concentration,
low P levels resulted in a substantial increase in allium and
three nonmycorrhizal plants, while the root P concentration
decreased significantly in watermelon and Compositae
plants. Furthermore, cucumber and three Solanaceae
vegetables showed significant increases in shoot P
concentration, while root P concentration remained relatively
stable under low P levels. In the home PSFs, vegetable
biomass tended to accumulate more in the roots. However, P
content in nonmycorrhizal vegetables and allium specifically
accumulated in the roots under high P levels (Fig. 2-E and F).
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3.2. Root morphological changes linked to mycorrhizal
colonization

Low soil P availability caused a significant reduction in
root length among the vegetables studied (Fig. 3-A). The
magnitude of root length reduction varied, with decreases
ranging from 47.60% in allium to 88.81% in watermelon.
Notably, cucumber demonstrated an exceptional response,
with a substantial increase in root length of 128.92% under
low-P conditions. Root diameter responded differently
among vegetable species, depending on the home-PSFs
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Fig. 3 Variations in root length (A), root diameter (B),
mycorrhizal colonization (C), acid phosphatase activity (D)
and rhizosphere soil pH (E) as influenced by phosphorus
levels (40 and 200 mg kg™ soil). Af, allium (Allium fistulosum
L.); Cs, cucumber (Cucumis sativus L.); Cl, watermelon (Citrullus
lanatus); So, spinach (Spinacia oleracea L.); Bv, sugar beet
(Beta vulgaris L.); Bc, rape (Brassica chinensis Linn.); Ls, lettuce
(Lactuca sativa Linn.); Cc, chrysanthemum (Chrysanthemum
coronarium L.); Ca, pepper (Capsicum annuum); Sm, eggplant
(Solanum melongena L.); CLe, common tomato (Lycopersicon
esculentum); WLe, wild tomato. Independent-samples t-test
analyses for effects of phosphorus levels within each variety
are indicated by asterisks above the bars. Error bars represent
SE (n=10). *, P<0.05; ", P<0.01; ™, P<0.001; ns, no significant
difference.
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under low P levels (Fig. 3-A). Allium, cucumber, beet and
lettuce exhibited significant increases in root diameter,
whereas spinach, rape, chrysanthemum, and tomato showed
significant reductions in root diameter (Fig. 3-B). Under
different home-PSFs, low soil P availability significantly
enhanced mycorrhizal colonization across most vegetable
crops (Fig. 3-C). Specifically, mycorrhizal colonization
increased in response to low P levels, ranging from 29.14%
in eggplant to 46.09% in allium. Moreover, low soil P
availability significantly enhanced A-Pase activity (Fig. 3-D).
Under low-P conditions, A-Pase activity varied considerably
among vegetable species. For example, rape exhibited
the highest A-Pase activity at 127.26 yg g h™', whereas
lettuce showed the lowest A-Pase activity at 30.79 ug g™’
h™". Allium, lettuce and 4 Solanaceae crops significantly
increased the rhizosphere soil pH, while spinach, rape and
chrysanthemum significantly reduced the rhizosphere soil pH
at high P levels (Fig. 3-E). These findings demonstrate the
complex interactions among nutrient availability, mycorrhizal
colonization, and root morphology in various vegetable
species.

3.3. Feedback coefficients of vegetable species on
plant—soil feedbacks

Feedback coefficients were calculated to evaluate the
differential contributions of various vegetable species to the
PSF mechanism. The feedback values were determined
for shoot biomass, shoot P concentration and mycorrhizal
colonization (Fig. 4-A and C). Among the home PSFs of
vegetables, most species exhibited negative feedback
regarding shoot biomass. However, under high P levels,
alliums and three nonmycorrhizal plants demonstrated
positive feedback in terms of shoot biomass (Fig. 4-A). The
shoot P concentrations of the vegetables displayed various
feedback directions. Specifically, under high-P conditions,
three nonmycorrhizal vegetables and allium showed positive

feedback regarding shoot P concentration. Conversely, at low
P levels, eggplant, peppers, and two Compositae vegetables
demonstrated positive feedback. Nevertheless, most plants
exhibited negative feedback, with high P levels intensifying
the negative feedback effect on shoot P concentrations
(Fig. 4-B). Additionally, the feedback values for mycorrhizal
colonization were significantly higher at low P levels than at
high P levels. Notably, low P availability induced stronger
negative PSFs for vegetables, while high P levels significantly
reduced negative feedback (Fig. 4-C).

The analysis revealed that at low P levels, the feedback
values for biomass and mycorrhizal colonization of wild
tomatoes were lower than those of common tomatoes.
However, at high P levels, no significant difference was
observed in the three feedback values between wild and
common tomatoes. Consequently, under different P levels,
the feedback values of wild tomatoes showed a greater range
of variation than those of common tomatoes (Fig. 4-A-C).

3.4. Relationships among plant traits and feedback
value

To investigate the influence of vegetable biomass, P
concentration, root morphological traits, and rhizosphere
A-Pase activity on home PSF values under different P levels,
specific indicators were selected for analysis. Principal
component analysis (PCA) was conducted on these indicators.
At high P levels, principal component 1 (PC 1) accounted
for 46.22% of variance, while PC 2 accounted for 19.63%.
These two axes demonstrated significant variation in the data
(Fig. 5-A). Under low P levels, PC 1 contributed 51.90% of
variance, whereas PC 2 contributed 16.85% (Fig. 5-B). At high
P levels, three feedback values showed positive correlation
with one axis. Under low-P conditions, shoot biomass
exhibited positive correlation with one axis, while feedback
values of shoot P concentration and mycorrhizal colonization
showed negative correlation with one axis.
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Fig. 4 Plant-soil feedback values for shoot biomass (A), shoot P content (B) and mycorrhizal colonization (C) as affected by
phosphorus levels (40 and 200 mg kg™ soil). WLe, wild tomato (Lycopersicon esculentum); CLe, common tomato; Sm, eggplant
(Solanum melongena L.); Ca, pepper (Capsicum annuum); Cc, chrysanthemum (Chrysanthemum coronarium L.); Ls, lettuce (Lactuca
sativa Linn.); Bc, rape (Brassica chinensis Linn.); Bv, sugar beet (Beta vulgaris L.); So, spinach (Spinacia oleracea L.); Cl, watermelon
(Citrullus lanatus); Cs, cucumber (Cucumis sativus L.); Af, allium (Allium fistulosum L.). Independent-samples t-test analyses examining
the effects of phosphorus levels within each variety are indicated by asterisks above the bars. Error bars represent SE (n=10). *, P<0.05;

“, P<0.01; ™, P<0.001.
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3.5. Correlations between changes in root diameter,
mycorrhizal colonization and feedback value

Based on the PCA results, multiple regression analysis was
performed to examine relationships among root diameter,
mycorrhizal colonization and vegetable feedback values
(Fig. 6). Under high P levels, no significant correlations
emerged between root diameter and the feedback values
of shoot biomass (P=0.131, R?*=0.026), shoot P content
(P=0.500, R?*=0.004) or mycorrhizal colonization (P=0.131,
R?=0.026). However, A-Pase activity demonstrated positive
correlations with feedback values of shoot biomass (P<0.001,
R?=0.459) and shoot P content (P<0.001, R*=0.541).
Mycorrhizal colonization showed positive correlations with
feedback values of shoot biomass (P<0.001, R°=0.267) and
shoot P content (P<0.001, R’=0.494). Conversely, A-Pase
activity exhibited negative correlation with the feedback value
of mycorrhizal colonization under high P levels (P<0.001,
R?=0.210; Fig. 6-A—H).

Under low P levels, no significant correlations were
observed between root diameter and the feedback value
of mycorrhizal colonization (P=0.941, R*<0.001). Similarly,
no significant correlations appeared between A-Pase
or mycorrhizal colonization and the feedback value of
shoot P content (P=0.357, R’=0.007; P=0.113, R*=0.025).
However, A-Pase activity showed positive correlations with
feedback values of shoot biomass (P<0.001, R*=0.342) and
mycorrhizal colonization (P<0.001, R’=0.124). Additionally,
root diameter demonstrated positive correlation with the
feedback value of shoot P content (P<0.001, R2=0.172), and
mycorrhizal colonization showed positive correlation with
the feedback value of shoot P content (P<0.001, R*=0.342).
Conversely, root diameter exhibited negative correlation with
the feedback value of shoot biomass under high P levels
(P<0.001, R°=0.210; Fig. 6-1-P).

3.6. Pathway analysis of plant traits and plant-soil
feedback

The direct effects of biomass, P concentration, mycorrhizal
colonization, root diameter, rhizosphere soil pH, and acid
phosphatase activity on the plant-soil feedback value were
analyzed using a structural equation model for vegetables
under both high and low P levels (Fig. 7-A and B). Under
high P levels, all factors demonstrated direct and significant
effects on the plant—soil feedback model (Fig. 7-A). In
contrast, at low P levels, the direct feedback pathways
associated with root diameter and rhizosphere soil pH to the
plant—soil feedback value decreased (Fig. 7-B).

4. Discussion
4.1. Effects of P on vegetable growth under home-
PSFs

Under varying P conditions, plant growth characteristics
frequently result in changes to biomass distribution across
different tissues (Pu et al. 2023). Analysis of the home-PSFs
demonstrated that low P levels significantly decreased biomass
across multiple vegetable components while concurrently
increasing the root:shoot ratio of the vegetables (Fig. 2-A, B
and E). These observations indicate that within the home-
PSFs, low P conditions promote an increased root mass ratio
in vegetables. A reduction in root mass ratio in response
to AMF inoculation is commonly observed in annual crop
species, which are typically short-lived plants adapted to low-P
environments (Gavito et al. 2000; Guo et al. 2006). These
modifications may result from changes in carbon allocation
between roots and shoots or alterations in plant biomass
during growth and development (Poorter et al. 2012). The
modest changes in root:shoot ratio observed in smaller plants
suggest that variations in this ratio are not solely determined
by changes in plant size.
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The analysis indicated that P concentration in allium and
nonmycorrhizal vegetables differed significantly from other
vegetable types under varying P availability, particularly
evident in root P pools at low P levels (Fig. 2-C and D).
This observation suggests enhanced dependence on
root exudates by allium and nonmycorrhizal plants within
the home-PSFs. Significantly, these four vegetables
exhibited increased rhizosphere acid phosphatase activity
under low-P conditions, showing a substantial increase
(Fig. 3-D). The production of root exudates typically
demands increased energy expenditure, and allium species
maintain high mycorrhizal infection rates even under these
conditions. Under limited nutrient conditions, competition
may arise between plants and AMF. For instance, in low N
environments, AMF may compete with crops for nitrogen
(Wang et al. 2018).

4.2. Negative home-PSFs

In the home-PSFs system, most plants exhibited negative
biomass feedback under both P levels (Fig. 4-A-C). This
observation aligns with numerous home PSF studies
that demonstrated significant reductions in crop yield,
diminished quality, and impaired plant growth (Sun et al.
2021; Qi et al. 2022; Wang et al. 2023). However, allium
and nonmycorrhizal vegetables showed positive feedback
responses in biomass and P content at high P levels
(Fig. 4-A and B). This response may be attributed to plant
legacy effects, where allium root exudates directly influence
soil fungi and bacteria (Tsao and Yin 2001). Conversely,
certain cucurbit crop exudates (e.g., aldehydes, ketones,
phenols, and acids) demonstrate self-toxic properties that
inhibit growth (Yu and Matsui 1994; Wang et al. 2023).
Allium and nonmycorrhizal vegetables produce less acid
phosphatase at high P levels (Fig. 3-D), thus reducing
carbon source consumption (Liu et al. 2021; Luo et al. 2022).
Vegetable roots may attract more beneficial rhizosphere
microorganisms (Chen et al. 2019; Cao et al. 2025), thereby
mitigating negative PSFs. Sufficient P supplementation
effectively alleviates negative feedback caused by home
feedback. However, Compositae and two Solanaceae
vegetables demonstrated positive feedback at low P levels.
These findings indicate that plants with weak allelopathic
secretion are more affected by legacy effects on soil under
high-P conditions compared to low-P conditions (Wiggins
and Kinkel 2005). This phenomenon may correlate with the
root:shoot P ratio, as vegetables with higher root:shoot P
ratios under low-P conditions exhibit weaker negative PSFs.
Thus, nutrient distribution may serve as a key regulatory
mechanism affecting negative feedback in vegetables. The
data suggest that while mycorrhizae in all vegetables show
negative feedback, high-P environments can mitigate this
effect. However, low P enhances mycorrhizal colonization
while increasing negative PSF. In contrast, Minas et al.
(2024) reported that AMF effectively mitigated negative
plant—soil feedback in legumes. This effect may relate to
soil environment and arbuscular mycorrhizal fungi origin (Pu
et al. 2024). AMF typically originates from local soil, with low
P levels inducing mycorrhizal colonization. However, low P

may also intensify negative effects of continuous cropping,
adversely affecting vegetable growth. Root diameter and
mycorrhizal colonization demonstrated varying correlations
with plant—soil feedback values of biomass and P content
at different P levels. Additionally, A-Pase activity showed
positive correlation with biomass feedback value and
mycorrhizal colonization under low P levels (Fig. 6). Changes
in vegetable root morphology and mycorrhizal colonization
followed a complementary “P-scavenging” strategy,
consistent with studies demonstrating interplay between
these approaches (Lambers et al. 2008; Shen et al. 2011). In
the home PSF system, vegetables may rely more heavily on
the “P-mining” strategy of A-Pase activity (Raven et al. 2018),
explaining the observed low soil P levels. Available soil P
may be insufficient for normal plant nutrient requirements,
leading plants to increase carbon source consumption, root
exudate secretion, and mineral phosphorus activation in
pursuit of essential nutrients.

4.3. Low-P conditions induced stronger negative
home-PSFs in wild-type tomato

Compared with common tomatoes, wild-type tomatoes
exhibited stronger plant-soil negative feedback at low P levels
(Fig. 4-A—C). This suggests that the domestication process
has enhanced certain root traits, enabling domesticated
tomatoes to better mitigate negative feedback. These findings
differ from those reported by Carrillo et al. (2019). The home-
PSFs of wild tomatoes showed greater sensitivity to soil P
input compared to common tomatoes. This suggests wild-
type plants likely generate more residual organic materials
that could adversely affect subsequent crops. Furthermore,
the influence of soil associations on plants results from a
combination of traits related to both soil nutrient exploration
and mutualist recruitment. Domestication may affect traits
associated with nutrient uptake and resource use efficiency
(Roucou et al. 2018). Additionally, a meta-analytical review
of plant—soil feedbacks indicates that greenhouse studies
demonstrate significantly stronger effects than comparable
field manipulations (Kulmatiski et al. 2008). Under greenhouse
conditions’ amplification effect, wild-type tomato plants
demonstrated greater negative plant-soil feedback. However,
the immediate factors mediating plant—soil feedbacks remain
inadequately understood, as research has concentrated
primarily on ultimate mechanisms, including plant phylogeny
(Mehrabi and Tuck 2015; Fitzpatrick et al. 2017) and growth
rate (Cortois et al. 2016). Therefore, additional research into
the mechanisms underlying soil nutrient restriction across
different crop genotypes is necessary.

4.4. Response of vegetable growth traits to negative
feedback

PCA demonstrated that the feedback values of vegetable
biomass and P content appeared in the same quadrant
under high-phosphorus conditions, with dispersed distribution
across the index (Fig. 5). These results indicate that high
P effectively mitigates negative home feedback effects on
vegetables. However, the feedback values of vegetable
biomass and P content under low-P conditions appear in
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the relative quadrant, with the index distribution showing
greater inclination toward axis 2. Furthermore, under
low-P conditions, vegetable root diameter showed negative
correlation with the biomass feedback value. This relationship
may constitute a primary factor in the negative feedback
effects observed in vegetables, with low P intensifying these
adverse effects. These findings correspond with previous
studies indicating that low nutrient inputs can amplify barriers
associated with continuous cropping (Bennett et al. 2019;
Schandry et al. 2020).

The mixed equation model results revealed that high P
levels reduced both the effect of vegetable root diameter
on plant soil feedback and the impact of mycorrhizal
colonization. However, these effects were reversed under
low P levels (Fig. 7). Previous research has demonstrated
that vegetable root morphology optimizes for increased
performance without nutrient restrictions (Pu et al. 2023).
However, low P levels significantly increased mycorrhizal
colonization, subsequently diminishing the role of vegetable
roots in plant—soil feedback. Rhizosphere soil pH serves
as a crucial indicator of increased phosphorus availability
in the rhizosphere (Geelhoed 1997). Under high P levels,
vegetables exhibited varying changes in rhizosphere soil pH
(Fig. 3-E). This variation likely relates to different vegetables’
root exudates. Under high P levels, without nutrient
limitation, some vegetables modify their secretion of organic
acids and other exudates. This results in diverse changes
in rhizosphere soil pH value. Additionally, rhizosphere pH
showed positive correlation with the plant—soil feedback
model at high P levels, though this relationship disappeared
at low P levels. Thus, high P inputs effectively mitigate
negative plant—soil feedback.

5. Conclusion

This study demonstrated that soil P management effectively
mitigates negative home-PSFs in vegetable crops. At
low P levels, mycorrhizal colonization and rhizosphere
A-Pase activity increased significantly, while biomass and
root morphological traits decreased. Additionally, severe
negative home-PSFs of vegetable crops were observed
at low P levels. At high P levels, negative home-PSFs
of vegetable crops decreased significantly, particularly in
allium and nonmycorrhizal vegetables. Furthermore, home
PSFs of wild tomatoes showed greater sensitivity to soil
P compared to common tomatoes. This study illustrates
the complex interactions among various factors influencing
home-PSFs and demonstrates that soil P management
effectively mitigates negative home-PSFs in vegetable crops.
Consequently, we recommend that agricultural management,
particularly in continuous vegetable cropping systems,
incorporate appropriate increases in fertilizer P content
to mitigate negative home-PSFs caused by continuous
cropping. However, given the complexity of plant—soil P
feedback in vegetable crops, further systematic analysis is
required to enhance understanding of these dynamics.
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