UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Plant domestication reshapes rhizosphere microbiome-mediated adaptation to
nitrogen stress

Zhong, X.

Publication date
2026

Link to publication

Citation for published version (APA):
Zhong, X. (2026). Plant domestication reshapes rhizosphere microbiome-mediated adaptation
to nitrogen stress. [Thesis, fully internal, Universiteit van Amsterdam].

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:05 Sept 2026


https://handle.uba.uva.nl/personal/pure/en/publications/plant-domestication-reshapes-rhizosphere-microbiomemediated-adaptation-to-nitrogen-stress(851cf47c-714d-4241-85a8-e62a411a9519).html

Chapter 3

Rhizosphere microbial buffering of ammonium
toxicity through redox homeostasis in Arabidopsis
thaliana

Xiaolong Zhong', Hui Sheng" 2, Rahul Jain!, Harro Bouwmeester!, Lemeng Dong!”*

1 Plant Hormone Biology, Green Life Sciences Cluster, Swammerdam Institute for
Life Sciences, University of Amsterdam, Science Park 904, Amsterdam, 1098 XH,
the Netherlands;

2 Plant Cell Biology, Green Life Sciences Cluster, Swammerdam Institute for Life
Sciences, University of Amsterdam, Science Park 904, Amsterdam, 1098 XH, the
Netherlands;

* Corresponding author: l.dong2@uva.nl

(Manuscript in submission)

97


mailto:l.dong2@uva.nl

CHAPTER 3
Abstract

® Ammonium is an energetically favorable nitrogen source but frequently causes
toxicity that restricts plant growth. Although plant-intrinsic mechanisms mitigating
ammonium stress are well characterized, whether rhizosphere microbes can function
as an external buffering system remains largely unknown.

® Here, we show that the rhizosphere bacterium Priestia megaterium PNS1
alleviates ammonium toxicity in Arabidopsis thaliana, and that the magnitude of this
microbial benefit is genetically controlled by the host.  Using 120 natural accessions,
we implemented an interaction-based genome-wide association analysis that
identified a single significant locus associated with growth responsiveness to bacterial
inoculation under ammonium stress.

® Integration of temporal transcriptomics, weighted gene co-expression network
analysis, and expression-phenotype correlation pinpointed A71G77490, encoding
THYLAKOID ASCORBATE PEROXIDASE (TAPX), as a key determinant of
microbial-induced tolerance. Functional analyses demonstrated that TAPX is required
for maximal growth promotion by PNS1 under ammonium nutrition. Bacterial
inoculation enhanced root ascorbate peroxidase activity and reduced hydrogen
peroxide accumulation, linking microbial action to host redox homeostasis.

® Together, our findings establish that rhizosphere bacteria can buffer ammonium
toxicity through host redox regulation. This work positions the microbiome as an
active regulatory layer of nitrogen stress physiology and provides a framework for

improving ammonium-based nutrition through plant—microbe interactions.

Key words: Priestia megaterium, Arabidopsis thaliana, ammonium toxicity, redox

homeostasis, Genome-wide association study
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ALLEVIATION OF AMMONIUM TOXICITY

1 Introduction

Nitrogen availability fundamentally shapes plant growth, development, and evolution.
In natural ecosystems, most plants rely primarily on two inorganic nitrogen forms in
the soil, ammonium and nitrate, as their major nitrogen sources (Coleto et al., 2021;
Jing et al., 2022). Plants absorb ammonium and nitrate through two distinct pathways,
with ammonium being taken up via ammonium transporters (AMT1 and AMT2
subtypes). It is subsequently assimilated through the glutamine synthetase-glutamate
synthase (GS-GOGAT) pathway (Zhang et al., 2023). In contrast, nitrate is taken up
mainly by nitrate transporters (NRT1 and NRT2 families) (Gao et al., 2022). Once
inside the cell, nitrate is first reduced to nitrite by nitrate reductase and further reduced
to ammonium by nitrite reductase before entering the GS-GOGAT pathway for
assimilation (Han et al., 2022). From a metabolic perspective, ammonium would
appear to be the preferred nitrogen source, as its assimilation requires less energy
compared to nitrate (Konishi and Ma, 2021). However, when supplied as the sole
nitrogen source, ammonium frequently inhibits plant growth and alters cellular
homeostasis (Hachiya et al., 2021; Liu et al., 2022a; Xiao et al., 2023). This paradox,
in which ammonium is energetically efficient yet physiologically toxic, suggests that
its assimilation is limited not by metabolism alone but by the regulation and buffering
of nitrogen fluxes within the plant. Excess ammonium perturbs this balance by driving
futile ion cycling, cytoplasmic acidification, and oxidative stress, leading to growth
inhibition and visible toxicity symptoms such as chlorosis and leaf wilting (Di et al.,
2021; Hachiya et al., 2021; Liu et al., 2022b). The multifaceted syndrome known as
ammonium toxicity therefore represents a breakdown in the coordination between

nitrogen uptake, assimilation, and stress signaling.

Plants have evolved a series of molecular strategies to cope with ammonium stress.
For example, under high ammonium conditions, the calcium sensor CBL1 interacts
with the protein kinase CIPK23 to phosphorylate and inactivate AMT transporters,
thereby limiting ammonium uptake (Straub et al., 2017). In addition, VTC1, a GDP-
MANNOSE PYROPHOSPHORYLASE (GMPase), has been implicated in
ammonium efflux. Loss of VTCI function results in enhanced ammonium extrusion
from roots, thereby aggravating futile ammonium cycling (Xiao et al., 2023). These
findings highlight that plants can regulate ammonium uptake at an early stage to
mitigate toxicity. During ammonium assimilation, the nitrate uptake transporter

NRTI.1 and the nitrate efflux transporter SLAH3 have been shown to contribute to
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the alleviation of ammonium toxicity (Xiao et al., 2022). This benefit is largely

attributed to the alkalinizing effect of nitrate assimilation, which counteracts
cytoplasmic acidification caused by ammonium assimilation (Feng et al., 2020). To
address ROS accumulation resulting from excessive ammonium assimilation, plants
can upregulate both enzymatic antioxidants, including ASCORBATE PEROXIDASE
(APX), CATALASE (CAT), and SUPEROXIDE DISMUTASE (SOD), and non-
enzymatic antioxidants such as PYRIDOXAL (PL) and PYRIDOXIN (PN) to
enhance ROS detoxification (Liu et al.,, 2022b). Furthermore, ammonium
accumulation has been reported to lower auxin levels in plant tissues, impairing root
gravitropism and further restricting root development (Devi et al., 2022). Plants can
mitigate this effect by activating the DnalJ-like protein GSA-1/ARG1, which remodels
auxin distribution and transport in roots, thereby preserving gravitropism under
ammonium stress (Zou et al., 2013). Together, these mechanisms illustrate that plants
continuously adjust nitrogen transport, metabolism, and signaling to mitigate

ammonium stress.

Nevertheless, such intrinsic mechanisms provide only limited buffering capacity, as
toxic symptoms can arise even at moderate rhizospheric ammonium concentrations of
0.1-0.5 mM (Zhang et al., 2021). Field surveys have further revealed that soils with
ammonium levels exceeding this threshold are widespread in natural ecosystems (He
et al., 2021; Yang et al., 2022; Zhang et al., 2024). Under such conditions, it appears
unlikely that plants can rely solely on intrinsic defense mechanisms to maintain
nitrogen homeostasis. This raises a key question: could ammonium toxicity result not
simply from metabolic overload, but from the loss of external buffering mechanisms

provided by the plant’s microbial partners?

Accumulating evidence has demonstrated that beneficial rhizosphere microbes,
considered a highly diverse external secondary genome of host plants, play pivotal
ecological roles in enhancing plant resilience against environmental stresses (Duran
et al., 2018; Liu et al., 2025). Among these microbes, members of the Bacillaceae
family are particularly well known for their remarkable ability to confer tolerance to
abiotic stress. For instance, Bacillaceae strains have been reported to promote plant
growth under drought (Hou et al., 2018), salinity (Tahir et al., 2019), and nutrient
deficiency (Ma et al., 2025b; Yang et al., 2025), as well as under more extreme
challenges such as heavy metal contamination (Bist et al., 2022; Fakhar et al., 2022)
and toxic chemical exposure (Wang et al., 2025). Importantly, owing to their ability
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ALLEVIATION OF AMMONIUM TOXICITY

to form spores under stress, Bacillaceae members exhibit broad ecological

adaptability and persistence across diverse soil environments (Todorov et al., 2022),
a feature that resonates with the widespread occurrence of ammonium stress in nature.
These characteristics make the Bacillaceae prime candidates for ecological stabilizers
of plant nutrient homeostasis, particularly under chemically unstable conditions such
as high ammonium availability. However, to date, no study has reported their role in

enhancing plant tolerance to ammonium stress.

Here, we investigated whether Bacillaceae species can buffer plant ammonium stress
through cross-kingdom regulation of nitrogen metabolism. In our previous work, we
observed that under high ammonium nitrogen conditions, the relative abundance of P,
megaterium in the tomato rhizosphere was significantly higher than that observed
under ammonium nitrate and nitrogen-deficient conditions (unpublished data). Based
on this observation, we hypothesized that P. megaterium may play a beneficial role in
mitigating plant ammonium toxicity. Accordingly, P. megaterium strains were isolated
from the tomato rhizosphere and used in the present study. We used A. thaliana as a
genetically tractable discovery platform to identify plant pathways mediating this
microbial effect and to characterize the physiological mechanisms involved. Although
the isolates originated from tomato, Bacillaceae typically display broad dicot host
compatibility (Boubsi et al., 2025), making 4. thaliana an appropriate model for this

mechanistic study.

Through a systematic screen of nine P. megaterium strains, we identified one that
significantly enhanced A. thaliana growth under ammonium stress. The strain
suppressed oxidative damage via activating antioxidant pathways in the host. Genetic
analysis revealed a key plant gene required for this microbe-induced tolerance,
demonstrating that the effect is mediated through host signaling. Together, these
findings uncover a cross-kingdom regulatory mechanism in which a rhizosphere
bacterium buffers ammonium stress by modulating plant redox balance. This work
establishes a mechanistic link between microbial activity and plant nitrogen regulation
and highlights the broader principle that plant stress tolerance emerges from

coordinated interactions between host and microbiome.
2 Materials and Methods
2.1 Plant materials and growth conditions

A. thaliana accessions used in this study included Col-0 and 120 natural accessions
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CHAPTER 3
from the 1001 Genomes Project (Weigel and Mott, 2009). All natural accessions lines

were  obtained from the  Nottingham  Arabidopsis  Stock  Centre
(https://Arabidopsis.info/BasicForm), with the complete list in Table S1. The T-DNA
insertion mutant zapx (tapx-2; GABI_070G07), previously characterized by Izumi et

al. (Izumi et al., 2017), was also tested.

Seeds were surface-sterilized by immersion in a 1:1 mixture of 50% bleach and 70%
ethanol for 10 min, followed by five washes with sterile Milli-Q water. Sterilized
seeds were stratified at 4 °C for 2 days. During stratification, 12x12 cm square Petri
dishes were prepared, each containing 45 mL of '2-strength Murashige & Skoog (%2
MS) medium. The basal MS medium (Duchefa Biochemie, the Netherlands) was
nitrogen-free and contained the following macroelements: 2.99 mM CaCl., 1.25 mM
KH2POs4, and 1.5 mM MgSOs; microelements: 0.11 pM CoCl.-6H20, 0.1 uM
CuSO4+'5H20, 100 pM FeNaEDTA, 100.27 uM Hs;BOs, 5 uM KI, 100 pM
MnSO4-H20, 1.03 uM Na:MoOa4-2H-0, and 29.91 uM ZnSO.-7H-0; and vitamins:
26.64 uM glycine, 554.94 uM myo-inositol, 4.06 uM nicotinic acid, 2.43 uM
pyridoxine HCI, and 0.3 uM thiamine HCl. Where indicated, additional nitrogen
sources (NH4NOs, NH4Cl, or KNOs) were supplemented, and KCl was added in
NH4NO; and NH4Cl treatment when necessary to balance potassium levels with KNOs
treatment. The pH of the medium was adjusted to 5.8 with KOH, solidified with 1%
Daishin agar (Duchefa Biochemie, the Netherlands), autoclaved at 121 °C for 20 min,
and poured into plates. Stratified seeds were sown on the prepared media and plates
were placed vertically at a 70° angle in a growth chamber set to 22 °C, with a 16 h
light / 8 h dark photoperiod and 70% relative humidity.

2.2 Growth-promotion assays of nine Priestia megaterium strains

Nine P. megaterium strains (MNS1, MNS3, MNS4, MNSS8, PNS1, PNS3, PNS4,
PNSS5, and PNS6), previously isolated from the rhizosphere of nitrogen-deficient
tomato plants (Chapter 2), were tested. Strains were stored in 50% glycerol at -80 °C.
For activation, strains were streaked on Tryptic Soy Agar (TSA) plates and incubated
overnight, after which single colonies were inoculated into Tryptic Soy Broth (TSB)
and cultured overnight at 25 °C with shaking at 200 rpm. Bacterial cells were collected
by centrifugation, washed, and resuspended in phosphate-buffered saline (PBS). Cell
suspensions were adjusted to an optical density of ODseoo = 0.5 using a Diluphotometer
(Implen, Germany). Five-day-old 4. thaliana (Col-0) seedlings were inoculated at the

root tip with 5 puL of bacterial suspension, while an equal volume of PBS served as
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the mock control. Plants were grown on nitrogen-free 2 MS medium supplemented

with 1 mM NHaNO:s as the nitrogen source. After three weeks of growth, total plant
fresh weight was measured. For each measurement, five plants from the same plate
were pooled, and the mean value was considered one biological replicate. Each strain

was tested using five independent biological replicates.
2.3 Growth-promotion assay of Priestia megaterium PNS1 in Arabidopsis thaliana

The cultivation of P. megaterium PNS1 and preparation of bacterial suspensions were
performed as described in Section 2.2, and five-day-old 4. thaliana (Col-0) seedlings
were inoculated at the root tip with bacterial suspensions. For nitrogen concentration
assays, plants were grown on half-strength nitrogen-free /2 MS medium supplemented
with NH4NO:s at 0, 1, or 5 mM. For nitrogen form ratio assays, plants were supplied
with a total nitrogen concentration of 2 mM using NH4ClI as the ammonium source
and KNO:s as the nitrate source (Kiba et al., 2023; Ma et al., 2025a). The following
ratios of NH4":NOs~ were tested: 0:100, 25:75, 50:50, 75:25, and 100:0. To ensure
equal potassium availability across treatments, KCI was supplemented at 0, 0.5, 1.0,
1.5, or 2.0 mM, respectively. Plants were grown for three weeks before harvest, and
total plant fresh weight was recorded. For each measurement, five plants from the
same plate were pooled, and the mean value was considered one biological replicate.

Each treatment strain was tested using five independent biological replicates.
2.4 Genome-wide association study

Genome-wide association study (GWAS) was performed using nitrogen-free 2 MS
medium supplemented with 2 mM NH.4Cl as the sole nitrogen source. To evaluate the
variation in growth-promotion responses, an initial pilot assay was conducted with 10
A. thaliana accessions representing diverse ecological origins from the 1001 Genomes
Project, including Ws (Russia), Di-1 (France), Est-1 (Russia), NFA-8 (UK), Da-0
(Germany), Ler-1 (Germany), Lc-0 (UK), LAC-5 (France), DralV1-14 (Czech
Republic), and Br-0 (Czech Republic). In validation assays of 10 accessions, each
treatment consisted of 25 plants, and mean values of fresh weight from five pooled
plants from the same plate were calculated as a biological replicate. Each treatment
was conducted with five independent biological replicates. Subsequently, a formal
GWAS analysis was conducted using 120 A. thaliana accessions. In GWAS
experiment, 20 plants were grown in 4 plates per accession, and the average fresh

weight per accession was calculated from the pooled measurement of 20 individuals
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for analysis. All plants were grown for three weeks before harvest.

GWAS was conducted using the GWA-Portal (https://gwas.gmi.oeaw.ac.at/) (Wang et

al., 2020; Zhong et al., 2024). Based on the 120 selected accessions, we employed the
250k SNP Dataset v3.06 with TAIR10 as the reference genome. Fresh weight data
were subjected to Box-Cox transformation to meet the assumptions of the Shapiro-
Wilk test and pseudo-heritability estimates prior to further analysis. Three statistical
models were applied: accelerated mixed model (AMM), linear model (LM), and
Kruskal-Wallis model (KWM), and the results were visualized using Q-Q plots and
Manhattan plots. Four datasets were generated for GWAS: (i) Control, as defined with
fresh weight of un-inoculated plants, (ii)) PNS1, as defined with fresh weight of P,
megaterium PNS1-inoculated plants, (iii) Increment, as defined with the difference in
fresh weight between PNS1 and Control, and (iv) Increment ratio, as defined with the

ratio of Increment to Control.
2.5 RNA-seq

For transcriptome profiling, 4. thaliana Col-0 seedlings were grown on nitrogen-free
% MS medium supplemented with 2 mM NH4ClI as the sole nitrogen source. Roots
were harvested at three timepoints after inoculation with P. megaterium PNS1: 1 day
(1D), 3 days (3D), and 6 days (6D) after inoculation. Two treatments were applied:
inoculated plants (PNS1) and uninoculated controls (Control). Total RNA of roots was
extracted using TRIzol reagent (Invitrogen) as previously described (Wang et al.,
2022). Briefly, roots were collected in sterile 2 mL tubes containing three sterile steel
beads, snap-frozen in liquid nitrogen, and ground into fine powder using a Tissue
Lyser II (QIAGEN, Germany). RNA was extracted with TRIzol, phase-separated with
chloroform, and precipitated with ethanol. The crude extracts were further purified
with the RNeasy Plus Mini Kit (QIAGEN, Germany), followed by DNase I (RNase-
free, New England Biolabs, USA) digestion to remove genomic DNA contamination.
Library preparation, RNA integrity assessment (RIN > 7), and sequencing were
performed by the Dutch Genomics Service & Support Provider (Swammerdam
Institute for Life Sciences, University of Amsterdam) following standard protocols
(Sheng et al., 2024). For each treatment, 30 seedlings were collected; 10 seedlings
from the same plate were pooled to one biological replicate to ensure sufficient RNA

yield, yielding three replicates per treatment.

Each sample generated ~25 million paired-end reads, resulting in a total of 76.8 GB
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of raw compressed data. Raw reads were processed using the Snakemake RNA-seq

pipeline (Bliek et al., 2021). Quality control and adapter trimming were performed
with fastp, and high-quality reads were aligned to the A. thaliana reference genome
(TAIR10) using STAR. Gene-level read counts were obtained with FeatureCounts
(Subread package) based on the TAIR10 GTF annotation. Differential expression
analysis was conducted in R (v4.4.3) using the DESeq2 package (v1.42.0). Genes with
[logzFC| > 0.5 and adjusted P < 0.05 were considered differentially expressed
(Jacobsen etal., 2021; Lucchin et al., 2025). Gene Ontology (GO) enrichment analysis
was used ShinyGO v0.82 (https://bioinformatics.sdstate.edu/go/) with an False

Discovery Rate (FDR) cutoff of 0.05. Enriched biological process GO terms were
clustered based on semantic similarity, with redundant terms removed to identify
representative terms, and Multidimensional Scaling (MDS) was used to generate two-
dimensional coordinates for cluster visualization. Data visualization included
principal component analysis (PCA) and volcano plots generated with ggplot2
(v3.5.1), Venn diagrams with VennDiagram (v3.5.1).

2.6 Weighted Gene Co-xpression Network Analysis

To explore gene co-expression patterns across different time points, Weighted Gene
Co-expression Network Analysis (WGCNA) was performed. Raw RNA-seq counts
were first pre-processed using the DESeq2 package (v1.42.0). Genes with low
expression were filtered out by retaining only those with counts > 10 in at least six
samples. Variance stabilizing transformation (VST) was then applied to normalize the
expression matrix. The WGCNA package (v1.73) was used for network construction
and module detection. Sample and gene quality were assessed using the
goodSamplesGenes function, and low-quality samples or genes were removed. The
soft-thresholding power was determined using the pickSoftThreshold function, with
the lowest power that yielded a scale-free topology fit index (R?) of approximately
0.85 selected as the threshold. The co-expression network was constructed using the
blockwiseModules function with the following parameters: signed network type, soft-
thresholding power = 10, minimum module size = 30, and module merging threshold

= (.25. Other parameters were kept at their default settings.
2.7 RT-qPCR analysis

To validate candidate gene expression, six 4. thaliana accessions with contrasting

growth-promotion responses to P. megaterium PNS1 were selected. Three strong
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responders were Ste-0 (Germany), MOG-37 (France), and Est-0 (Russia), while three
weak responders were Lm-2 (France), UKID48 (UK), and Duk (Czech Republic).

Col-0 was included as a reference genotype. Roots from P. megaterium PNSI-

inoculated and uninoculated plants were harvested, and total RNA was extracted,
separated, and purified as described for the RNA-seq experiments (Section 2.5). First-
strand cDNA was synthesized from 1,000 ng of total RNA using the cDNA Synthesis
Kit (Thermo Fisher Scientific, USA). Quantitative PCR reactions were prepared using
EvaGreen qPCR Mix Plus (Thermo Fisher Scientific, USA) with gene-specific
primers and fluorescent dye according to the manufacturer’s instructions. qPCR was
performed on a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific,
USA). Relative gene expression was calculated using the 2 22T method (Kang et al.,
2023; Sureshkumar et al., 2024). HOMOLOG OF YEAST OXIDASE ASSEMBLY
(OXA1, AT5G62050) and UBIQUITIN-SPECIFIC PROTEASE 22 (UBP22,
AT5G10790) were used as internal reference genes (Noureddine et al., 2022; Zhao et
al., 2020b). All primers used in this study are listed in Table S2. For each treatment,
25 plants were used. To ensure sufficient RNA yield, five plants from the same plate
were pooled to form one biological replicate, resulting in five independent biological

replicates per treatment. Plants were grown for three weeks before harvest.
2.8 Nitrogen form assay of the T-DNA insertion line tapx

Nitrogen-free /2 MS medium was prepared as previously described (Section 2.1) and
supplemented with 2 mM NH4ClI or 2 mM KNO:s as the nitrogen source. To maintain
equal potassium availability, 2 mM KCIl was added to the ammonium-containing
medium. Stratified seeds of 4. thaliana Col-0 and the T-DNA insertion mutant tapx
were sown on the two nitrogen form media, and seedlings were inoculated with P
megaterium PNS1 as described above. Total plant fresh weight was recorded at
harvest, after which plants were immediately snap-frozen in liquid nitrogen and stored
at -80 °C for subsequent analyses. To obtain sufficient plant material for subsequent
analyses, 25 plants were used per treatment. Every five plants from the same plate
were pooled to form one biological replicate, resulting in a total of five independent

biological replicates. Plants were grown for three weeks prior to harvest.
2.9 Ascorbate Peroxidase activity assay

APX activity was determined following previously described protocols (Yan et al.,

2022; Yang et al., 2015). Briefly, about 100 mg of 4. thaliana roots were placed in a
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2 mL tube containing steel beads and ground into a fine powder under liquid nitrogen.

The powder was homogenized on ice in 1 mL extraction buffer containing 100 mM
sodium phosphate (pH 7.0), 5 mM ascorbate, and 1 mM EDTA. Homogenates were
centrifuged at 12,000 x g for 15 min at 4 °C, and the supernatant was collected for
APX activity assays. Protein concentration was determined using bovine serum
albumin (BSA) as a standard following the Lowry method (Lowry et al., 1951). APX
activity was measured spectrophotometrically. The standard reaction mixture (1 mL)
contained 50 mM sodium phosphate buffer (pH 7.0), 0.5 mM ascorbate, 0.1 mM H-Ox,
and 20 pL of enzyme extract. Reactions were initiated by adding H.O:, and the
decrease in absorbance at 290 nm was recorded at 25 °C for 1 min. A reaction without
H:0: was used as a background control. Enzyme activity was calculated from the
initial linear rate of ascorbate oxidation using the extinction coefficient ¢ = 2.8
mM'-cm™. One unit (U) of APX activity was defined as the amount of enzyme
required to catalyze the oxidation of 1 pmol ascorbate per minute. 25 plants were
harvested from both Col-0 and tapx under 2 mM NH4Cl or 2 mM KNO:s and every
five plants from the same plate were pooled to form one biological replicate, resulting

in a total of five independent biological replicates for APX activity assay.
2.10 H20: content measurement

H:0: content was determined following previously described methods (Zhang et al.,
2022; Zhao et al., 2020a). Briefly, 50 mg of 4. thaliana roots were placed in a 2 mL
tube containing steel beads and ground into a fine powder under liquid nitrogen. The
powder was homogenized in 1 mL pre-chilled 1 M HCIO4 containing 5% (w/v)
polyvinylpyrrolidone. Homogenates were centrifuged at 12,000 x g for 10 min at 4 °C,
and the supernatant was collected. The extract was neutralized to pH 5.6 by dropwise
addition of 3 M K2COs prepared in 0.2 M phosphate buffer with pH 5.6. After brief
centrifugation at 12,000 x g, 1 min, 4 °C to remove the resulting KClOs precipitate,
the clarified supernatant was retained. To eliminate interference from ascorbate, 50
pL of the neutralized extract was incubated with 1 U ascorbate oxidase at room
temperature for 10 min. For colorimetric measurement, 50 pL of the treated sample
was added to 870 pL of reaction mixture containing 0.1 M phosphate buffer (pH 6.5),
20 pL 165 mM 3-(dimethylamino) benzoic acid (DMAB), 50 pL 1.4 mM 3-methyl-
2-benzothiazolinone hydrazone (MBTH), and 1 U horseradish peroxidase (HRP).
H20: standards of varying concentrations (0-5 nmol) were added to the reaction

mixture to generate calibration curves. Absorbance at 590 nm was recorded using a
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spectrophotometer, and H2O: content was calculated based on the standard curve. 25
plants were harvested from both Col-0 and fapx under 2 mM NH4CI or 2 mM KNOs

and every five plants from the same plate were pooled to form one biological replicate,

resulting in a total of five independent biological replicates for H.O: content

measurement.
2.11 Data statistics and analysis

All violin plots and frequency distribution plots were generated using GraphPad Prism
9.5. Statistical analyses were performed using Welch’s t-test, one-way or multiple-
way analysis of variance (ANOVA) with the CRAN: multcompView packages in R.
Prior to ANOVA, datasets were tested for normality using the Shapiro-Wilk test and
for homogeneity of variances using Levene’s test. For datasets that met assumptions
of normality and homoscedasticity, ANOVA was performed, followed by Tukey’s
honestly significant difference (HSD) test for pairwise comparisons. For datasets that
violated these assumptions, logio transformation was applied. If the transformed data
met the assumptions, ANOVA and Tukey HSD were conducted. Otherwise, non-
parametric Kruskal-Wallis tests were performed, followed by Dunn’s post hoc test.
Groups sharing the same letter indicate no significant difference, whereas groups with
different letters indicate significant differences. Significance levels were indicated as
P<0.05(*),P<0.01 (**), P<0.001 (***), or not significant (ns). Heatmaps with K-
means clustering were generated using the pheatmap, reshape2, dplyr, and ggplot2
packages. Pearson correlation bubble plots were created with tidyr, dplyr, and ggplot2.
Chord diagrams were plotted using circlize, RColorBrewer, and ggsci, while ridge
plots were generated with ggridges, dplyr, and ggplot2. Network node visualizations

were constructed using Cytoscape v3.10.3.
3 Results

3.1 Priestia megaterium PNS1 enhances Arabidopsis thaliana growth under

ammonium stress

As it is a more efficient model than tomato, we decided to analyse the effect of our
bacterial isolates in A. thaliana. We initially screened nine P. megaterium isolates that
had been obtained from tomato rhizospheres in previous studies. Eight of the nine
strains significantly promoted A. thaliana biomass accumulation compared with
uninoculated controls on %2 MS medium with 1 mM NH4NO:; (Fig. S1a). Among them,

P. megaterium PNS1 exhibited the most pronounced increase in fresh weight and was
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therefore selected as the candidate strain for subsequent experiments (Fig. S1b). Next,

we examined the effect of P megaterium PNS1 inoculation on A. thaliana fresh
weight across a range of NHaNOs concentrations (0, 1, and 5 mM). Inoculation with
P megaterium PNSI1 consistently enhanced plant fresh weight at all tested
concentrations (Fig. la, b). To determine whether the bacterial effect was linked
specifically to ammonium nutrition, we further varied the ratio of ammonium to
nitrate in the 2 MS medium. Inhibition of plant growth was strongest when nitrogen
was exclusively provided as ammonium, reflecting ammonium-induced stress, and
this inhibition decreased with decreasing ammonium to nitrate ratio. For all
ammonium to nitrate ratios, P. megaterium PNS1 inoculation significantly alleviated
ammonium-induced growth inhibition. When nitrogen was supplied exclusively as
nitrate (NH4": NOs~ = 0: 100%), P. megaterium PNS1 inoculation did not significantly
alter plant biomass (Fig. lc, d). Together, these results show that P. megaterium PNS1

exerts a broad growth-promoting effect on 4. thaliana, under ammonium-enriched

conditions.
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Figure 1. Priestia megaterium PNSI1 alleviates ammonium stress and promotes

Arabidopsis thaliana growth.

(a) Representative images of A. thaliana seedlings grown with or without inoculation by P. megaterium
PNSI under different total nitrogen concentrations (0, 1, and 5 mM NHNO:s). (b) Fresh weight of plants
shown in (a) (n = 5, each replicate consists of pools of five plants grown on the same plate). (c)
Representative images of seedlings grown with varying ratios of ammonium to nitrate (NH+": NOs™ = 100:
0, 75: 25, 50: 50, 25: 75, 0: 100) with or without P. megaterium PNS1. (d) Corresponding quantification of
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total fresh weight in (c) (n = 5, each replicate consists of pools of five plants grown on the same plate).

Different letters indicate significant differences (p < 0.05) between treatments according to one-way
ANOVA followed by Tukey’s HSD test. *** indicates significant differences (P < 0.001) of main effects or
interactions (Treatment, Nitrogen, Treatment x Nitrogen) according to multiple-way ANOVA followed by
Tukey’s HSD test.

3.2 GWAS reveals SNPs underlying robust Arabidopsis thaliana responsiveness to

Priestia megaterium PNS1 inoculation

To investigate the genetic basis of the response of A. thaliana to P. megaterium PNS1
inoculation under ammonium toxicity condition, we decided to explore the possibility
to use GWAS. Therefore, we assessed the response of 10 natural accessions from
diverse ecological backgrounds to P. megaterium PNS1 on 2 MS medium with 2 mM
NH4Cl. The results revealed that there was substantial variation in root growth in the
control potentially reflecting genetic variation for ammonium sensitivity (Fig. S2a, b).
Nevertheless, in all accessions PNS1 promoted plant growth, albeit with substantial
variation in the effect size, particularly reflected in the plant weight ratio between

inoculated and control (Fig. S2c, d, e).

To further dissect this genetic variation, we conducted inoculation assays using 120
natural accessions on %> MS medium with 2 mM NH4Cl (Fig. 2a). Total plant fresh
weight in the control and PNS1-treated plants displayed considerable variation,
ranging from 1.13 mg to 9.00 mg (Fig. 2b) and 1.6 mg to 16.38 mg (Fig. 2c¢),
respectively. Increment varied from -0.64 mg to 10.84 mg (Fig. 2d), and Increment
ratio ranged from -11.02% to 385.27% (Fig. 2¢). These 4 datasets were subjected to
GWAS analysis. We applied 3 GWAS models, Accelerated Mixed Model (AMM) (Fig.
2f, h; Fig. S3), Kruskal-Wallis Model (KWM) (Fig. S4), and Linear Model (LM) (Fig.

S5), which yielded consistent association patterns.

For downstream analysis, we selected the AMM due to its balance of sensitivity and
stringency. The Manhattan plot showed no significantly associated SNPs in the
Control or PNS1 datasets (Fig. S3). In contrast, analysis of the Increment dataset
identified a single SNP on chromosome 1 at position 29,010,173 that surpassed the
genome-wide significance threshold (Fig. 2f). The corresponding Quantile-Quantile
(Q-Q) plot displayed a clear deviation from the null expectation only at the upper tail,
confirming the presence of a genuine association rather than model inflation (Fig. 2g).
A similar association was observed in the Increment ratio dataset, although the -
logio(p-value) was lower compared to the Increment dataset (Fig. 2h, i). These

findings indicate that genetic variation underlying responsiveness to PNS1 inoculation
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is specific to the interaction between host and PNSI, rather than to inherent

differences in plant size or baseline growth capacity. Linkage disequilibrium (LD)
analysis centered on this SNP, defined a ~450 kb genomic interval encompassing 124

genes (Fig. S6).
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Figure 2. Genome-wide association study of Arabidopsis thaliana growth responses

to Priestia megaterium PNS1 inoculation.

(a) Schematic diagram of the Genome-wide association study (GWAS) experimental design under > MS
medium with 2 mM NH,CL. (i, ii) Total plant fresh weight of 4. thaliana under Control and PNS1-inoculated
conditions, respectively. (iii) Increment, defined as the difference of fresh weight between PNS1 and
Control. (iv) Increment ratio, defined as (Increment / Control) x 100%. (b-¢) Frequency distribution of fresh
weight across 120 natural A. thaliana accessions under Control (b), PNS1 (c), Increment (d), and Increment
ratio conditions (e). (f, g) Manhattan (f) and quantile-quantile (QQ) plots (g) of GWAS results for Increment
using the Accelerated Mixed Model (AMM). (h, i) Manhattan (h) and QQ plots (i) of GWAS results for
Increment ratio using the AMM model.
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3.3 RNA-seq analysis identifies candidate response genes to Priestia megaterium

PNSI1 inoculation

To further screen for key genes responsive to P. megaterium PNS1 inoculation,
transcriptome profiling was conducted in 4. thaliana Col-0 at 1 day (1D), 3 days (3D)
and 6 days (6D) post inoculation on %> MS medium with 2 mM NH4Cl, allowing
systematic evaluation of expression dynamics of all candidate genes within the LD
region surrounding the lead SNP of GWAS. Principal component analysis (PCA)
based on gene expression revealed that 18 principal components explained the
majority of variance across the transcriptomes (Fig. 3a). Sample clustering using PC1
with 37% explained variance and PC2 with 27.3% explained variance separated the
samples into distinct groups corresponding to treatment and time (Fig. 3b). Euclidean
distance analysis between Control and PNS1 at each timepoint demonstrated a time-
dependent divergence, with statistically significant differences observed at 3D and 6D
(Fig. 3c). Consistently, differential expression analysis revealed a sharp increase in
the number of differentially expressed genes (DEGs) over time (Fig. 3d-f), indicating
an intensifying transcriptional response to PNS1 inoculation. GO enrichment analysis
further confirmed that temporal differences in PNS1 treatment led to the activation of

distinct biological pathways (Fig. S7).

We next focused on genes located within the GWAS-identified region on chromosome
1 (28.75-29.20 Mb). Due to the pronounced temporal effect of P. megaterium PNS1
inoculation, only a few DEGs were shared across all 3 timepoints (Fig. 3g, h).
Consequently, we prioritized the 6D dataset to evaluate candidate gene expression
within the GWAS locus, as it exhibited the greatest divergence between Control and
PNSI1-treated samples. Clustering of GO enrichment pathways of the 6D DEGs based
on semantic similarity further revealed 17 representative biological process pathways.
The combination of enriched processes suggests that PNS1 treatment induces a
coordinated response involving stress signaling, metabolic adjustments, nutrient

homeostasis, and structural remodeling (Fig. 31).

15 DEGs at 6D are located within the GWAS locus. K-means clustering partitioned
these genes into 2 clusters representing upregulated and downregulated expression
profiles (Fig. 3j). Average expression trends across the 3 time points confirmed the
consistency of these clusters (Fig. 3k), indicating that these candidate genes contribute
significantly to the transcriptional response to P. megaterium PNS1 inoculation. To

further elucidate their potential functions, we compared the 15 candidate genes with
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the GO enrichment pathways of DEGs identified at 6D. Six candidate genes, the
upregulated genes AT1G76640, ATIG77330, and ATIG77490, together with the
downregulated genes AT1G76600, ATIG77120, and AT1G77640, were found to be
significantly enriched within GO terms that passed the significance threshold of FDR
< 0.05 (Table S3). Despite differences in their expression patterns, all 6 genes
participated in overlapping pathways, including oxidative stress defense, peroxide
metabolism, and responses to toxic chemicals (Table S3; Fig. S7). Based on these

results, these 6 genes were selected for further functional analysis.
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Figure 3. Transcriptomic analysis of Arabidopsis thaliana Col-0 inoculated with

Priestia megaterium PNS1.

(a) Proportion of variance explained by each principal component from transcriptome data. (b) Principal
component analysis (PCA) of transcriptome profiles based on PC1 and PC2, showing distinct separation
between Control and PNS1-inoculated plants at 1, 3, and 6 days post-inoculation (1D, 3D, and 6D) (n= 3,
each replicate consists of pools of 10 plants grown on the same plate). (c) Euclidean distances based on
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PC1 and PC2 between Control and PNS1 at the same timepoints. (d-f) Numbers of differentially expressed
genes (DEGs) identified at 1D, 3D, and 6D. (g, h) Overlap of upregulated and downregulated DEGs at three
time points. (i) Multidimensional Scaling (MDS) plot showed that clustering analysis based on semantic

similarity grouped the GO-enriched pathways of DEGs at 6D into 17 clusters. (j) K-means clustering of
expression profiles for 15 DEGs within the Genome-wide association study (GWAS)-identified genomic
region. (k) Average expression trends of Cluster 1 and Cluster 2 genes identified by K-means clustering at
1D, 3D, and 6D. ns indicates no significant differences (p > 0.05), and *** indicates significant differences
(p <0.001) between Control and PNS1, as determined by Multiple-way ANOVA followed by Tukey’s HSD
post-hoc test.

3.4 Weighted gene co-expression network analysis identifies candidate genes involved

in ammonium stress response

Next, we aimed to investigate whether these candidate genes also participate in
responses to ammonium toxicity. Using all the transcriptome data at 1, 3, and 6 days
post-inoculation (1D, 3D, and 6D), we performed Weighted gene co-expression
network analysis (WGCNA) to assess the similarity in expression patterns between
the candidate genes and known ammonium stress-responsive genes. WGCNA
grouped all genes into 23 distinct color-coded modules (Fig. 4a). For each module,
we calculated a Module Eigengene (ME), which represents the overall expression
trend of all genes within that module across samples. Comparing MEs between
treatments provides a simple measure of how strongly each module responds to P,
megaterium PNS1 inoculation. We first extracted the MEs for all color modules, and
differential expression analysis confirmed that the expression of several modules
diverged progressively with the duration of PNS1 inoculation (Fig. 4b). We then
leveraged the PCA results from the transcriptome data to explore which components
these modules primarily contributed to. The analysis revealed that PC1 and PC2 were
strongly associated with the Blue, Turquoise, Brown, Red, and Yellow modules
(R>>0.75) (Fig. 4c). Considering that PC1 and PC2 explained over 60% of the
transcriptome variance, we designated these 5 modules as the major contributors to

transcriptional variation.

To determine whether these modules are involved in ammonium stress responses, we
cross-referenced them with previously characterized ammonium-responsive genes in
A. thaliana (Xiao et al., 2023). Among the 6D DEGs, four known ammonium-
response genes, CATALASE 1 (CATI), CYTOCHROME-ASSOCIATED PROTEIN
KINASE 1 (CAPI), PYRIDOXINE BIOSYNTHESIS 1.1 (PDX1.1), and WRKY DNA-
BINDING PROTEIN 46 (WRKY 46), were present and they were used as reference
(“bait”) genes. Mapping these bait genes to the WGCNA modules revealed that CAT/
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and CAPI were assigned to the Red and Brown modules, respectively, whereas
PDXI.1 and WRKY46 clustered within the Turquoise module (Table S4). Four out of
our six identified candidate genes were located in these same modules: AT/G77120
and AT1G77490 in the Red and Brown modules, and AT/G76600 and AT1G77640 in

the Turquoise module (Fig. 4d). Examination of the GO enrichment results showed

that these three modules were significantly associated with root cell development,
organic acid metabolism, and responses to chemical stimuli (Fig. S8). Comparing the
enriched pathways of the bait genes and the candidate genes revealed that, except for
CAPI, the remaining three bait genes shared similar biological processes with the 4
candidate genes (Fig. 4e). Based on these results, ATIG77120, ATIG77490,
ATI1G76600, and ATIG77640 were identified as strong potential mediators of
ammonium stress responses and were selected as primary targets for subsequent

analyses.
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Figure 4. Weighted gene co-expression network analysis of candidate and ammonium

stress-responsive genes under Priestia megaterium PNS1 inoculation.

(a) Hierarchical clustering dendrogram and color-coded co-expression modules generated from RNA-seq
data using Weighted gene co-expression network analysis (WGCNA). Each color represents a distinct gene
module. (b) Module eigengenes (MEs) expression profiles of all color modules comparing Control and
PNSI-inoculated plants at 1, 3, and 6 days post-inoculation (1D, 3D, and 6D). (c) Pearson correlation matrix
between MEs and principal components (PC) of transcriptome PCA, showing associations between
transcriptomic variation and specific co-expression modules. (d) Distribution of the six candidate genes
derived by Genome-wide association study (GWAS) and RNAseq, and four decoy (bait) genes across
WGCNA modules, highlighting their co-assignment to key expression networks. (¢) Pathway enrichment
map showing biological processes associated with the six candidate genes and four decoy genes at 6D,
including oxidative stress response and ammonium metabolism pathways. * indicates significant
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differences (p < 0.05), and ** indicates significant differences (p < 0.01) between Control and PNS1, as
determined by #-test.

3.5 Expression of candidate genes across Arabidopsis thaliana accessions with

distinct fresh weight responses

To explore whether variation in the expression of the 4 candidate genes explains the
observed variation in the growth response under NH4Cl, we examined their
transcription in selected A. thaliana accessions inoculated with P. megaterium PNS1
on 2 MS medium supplemented with 2 mM NH4Cl. Representative accessions
exhibiting contrasting phenotypes in the GWAS experiment were selected for this (Fig.
5a, S9). The results showed that the expression levels of the four genes varied
significantly among the seven tested accessions (Fig. 5b). We then analyzed the
correlation of expression patterns among the four genes. AT/G77120 expression
correlated strongly with that of AT/G76600 and AT1G77640, while AT1G77490 did
not exhibit a similar expression as the other three (Fig. S10). These findings suggest
that the candidate genes may influence growth responses through distinct
transcriptional mechanisms rather than a unified regulatory module. To determine
which genes were functionally linked to plant responsiveness, we compared
expression levels with phenotypic indices of PNSIl-induced growth promotion
(Increment and Increment ratio). The analysis revealed that only A71G77490 showed
a significant correlation with both Increment and Increment ratio (Fig. 5c).
Consequently, AT1G77490 was identified as a promising candidate gene mediating

the P. megaterium PNS1-induced alleviation of ammonium toxicity.
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Figure 5. Late-stage expression patterns of candidate genes in representative

Arabidopsis thaliana accessions

(a) Phenotypic responses of 7 A. thaliana accessions to P. megaterium PNS1 inoculation after 3 weeks of
growth on /2 MS medium supplemented with 2 mM NH,CI (n = 5, each replicate consists of pools of five
plants grown on the same plate). (b) Ridge plots illustrate the RT-qPCR results of A71G76600, ATIG77120,
ATI1G77640 and AT1G77490 across seven A. thaliana accessions under control and PNS1-inoculated
conditions, revealing distinct response patterns of these genes to P. megaterium PNSI1 inoculation among
the different accessions. Dark green ridges represent the relative expression levels of the target genes in
each accession under control conditions, whereas dark orange ridges indicate their relative expression
following PNSI inoculation. Light green shaded boxes denote accessions corresponding to the weak-
response group to PNSI inoculation, as shown in (a), while light orange shaded boxes indicate accessions
belonging to the strong-response group. (c) Pearson correlation matrix showing the relationship between
candidate gene expression and growth promotion metrics (Increment and Increment ratio) under PNS1
treatment. Circle size represents coefficient of determination (R?), and color intensity indicates Pearson
correlation strength (R). Increment, defined as the difference of fresh weight between PNS1 and Control.
Increment ratio, defined as (Increment / Control) X 100%. ns indicates no significant differences, * indicates
significant differences (p < 0.05), ** indicates significant differences (p < 0.01) between treatments, as
determined by #-test.
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3.6 T-DNA insertion mutant fapx confirms the critical role of AT1G77490

ATI1G77490 encodes for THYLAKOID ASCORBATE PEROXIDASE (TAPX), a
chloroplast enzyme that detoxifies hydrogen peroxide and maintains redox balance
during stress. Because ammonium nutrition often causes oxidative stress (Xiao ef al.,
2023), we hypothesized that TAPX contributes to the plant’s tolerance to ammonium
and mediates the beneficial effects of P. megaterium PNS1. To test this, we examined
the T-DNA insertion mutant fapx under 2 MS medium with 2 mM KNO; or NH4Cl
to assess the functional role of A771G77490. Compared with nitrate, ammonium
supply inhibited the growth of fapx, resulting in a significant reduction in fresh weight.
The response was consistent with that observed in Col-0 under different nitrogen
forms. Notably, in the presence of ammonium, fapx exhibited a significantly lower
fresh weight than Col-0 (Fig. 6a, b), indicating that AT1G77490 contributes to
ammonium stress mitigation in A. thaliana. The loss of AT1G77490 thus impairs the

tolerance of 4. thaliana to ammonium.

We then examined the responses of Col-0 and fapx to P. megaterium PNS1 inoculation.
Under nitrate, P. megaterium PNS1 inoculation did not alter the fresh weight of either
genotype. In contrast, under ammonium, P. megaterium PNS1 inoculation promoted
the growth of both genotypes (Fig. 6a, b). A multifactorial ANOVA was performed to
evaluate the contributions of nitrogen forms, bacterial inoculation, and genotype to
fresh weight variation. Nitrogen forms were the primary source of variance, while the
interaction between nitrogen forms and bacterial inoculation ranked second,

contributing substantially to the observed variation (Fig. 6¢).

Given that P. megaterium PNS1 inoculation increased the fresh weight of both Col-0
and fapx under ammonium, we further compared their responses using Increment and
Increment ratio. The results showed that, under ammonium, fapx exhibited
significantly lower Increment and Increment ratio than Col-0 (Fig. 6d, e). Together,
these results demonstrate that AT1G77490 is required for the beneficial effect of P.
megaterium PNS1 under ammonium stress and plays a key role in the physiological

mechanism by which PNS1 enhances 4. thaliana tolerance to ammonium toxicity.
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Figure 6. The tapx mutant exhibits hypersensitivity to ammonium stress and reduces

the growth-promoting response to Priestia megaterium PNS1.

(a), (b) Phenotypic changes and fresh weight of Col-0 and #apx under /2 MS medium with 2 mM NH,4Cl or
2 mM KNOs, with or without P. megaterium PNS1 inoculation (n = 5, each replicate consists of pools of
five plants grown on the same plate). (c) Explained variance based on multifactorial ANOVA of nitrogen
form (N), bacterial (P. megaterium PNS1) inoculation (B), genotype (G) and their interactions to fresh
weight variation in 4. thaliana. (d), (e) Fresh weight Increment and Increment ratio of Col-0 and zapx under
%> MS medium with 2 mM NH4CI or 2 mM KNO:s (n = 5, each replicate consists of pools of five plants
grown on the same plate). Increment, defined as the difference of fresh weight between PNS1 and Control.
Increment ratio, defined as (Increment / Control) x 100%. N: nitrogen forms; B: bacteria (P. megaterium
PNSI1); G: genotype; Re: residuals. Different letters indicate significant differences (p < 0.05) among
treatments, as determined by One-way ANOVA followed by Tukey HSD post-hoc analysis in (b), (¢); and
Kruskal-Wallis followed by Dunn’s post hoc test in (d).

3.7 Priestia megaterium PNS1 enhances H.O: scavenging in Arabidopsis thaliana

roots

We next investigated the physiological mechanism by which P. megaterium PNSI
alleviates ammonium stress in A. thaliana. Given that ATIG77490 encodes an
ASCORBATE PEROXIDASE (APX), we measured APX activity and H.O: content
in the roots of Col-0 and tapx on %2 MS medium with 2 mM NH4Cl or KNOs. With
nitrate, no differences in APX activity or H-O: content were observed between lines
or between PNS1-inoculated and uninoculated plants. In contrast, on ammonium, Col-
0 consistently exhibited higher APX activity and lower H-O. content compared with
tapx (Fig. 7a, b). Correlation analysis further revealed that A. thaliana fresh weight
positively correlated with APX activity and negatively with H.O: content (Fig. 7c).
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We then compared the lines in terms of Increments and Increment ratios of APX
activity and H2O: content. On ammonium, P. megaterium PNS!1 inoculation led to
higher APX activity Increments and Increment ratios in Col-0 compared with tapx
(Fig. 7d, e), while H2O: content Increments and Increment ratios were lower in Col-0
than in fapx (Fig. 7f, g). Correlation analysis indicated that fresh weight Increment
and fresh weight Increment ratio were positively correlated with APX activity
Increment and APX activity Increment ratio but negatively correlated with H.O:
Increment and H:O: Increment ratio (Fig. 7h). These results suggest that P
megaterium PNS1 participates in regulating H.O- homeostasis in 4. thaliana roots.
By enhancing APX activity, P. megaterium PNS1 promotes the removal of excessive

H20-, thereby conferring greater tolerance to ammonium toxicity.
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Figure 7. Ascorbate peroxidase activity and H.O» homeostasis under ammonium stress

and Priestia megaterium PNS1 inoculation.

(a) ASCORBATE PEROXIDASE (APX) activity and (b) H20: content in roots of Col-0 and tapx grown
under 2 MS medium with 2 mM KNO; or NH4Cl, with or without P. megaterium PNS1 inoculation (n =5,
each replicate consists of pools of five plants grown on the same plate). (c) Pearson correlation analysis
between APX activity (AA), H20: content (H), and fresh weight (FW) in Col-0 and fapx. (d), (¢) Increment
and Increment ratio of APX activity in Col-0 and fapx under /2 MS medium with 2 mM KNOs and NH4C1
(n =5, each replicate consists of pools of five plants grown on the same plate). APX activity increment,
defined as the difference of APX activity between PNS1 and Control. APX activity increment ratio, defined
as (APX activity increment / APX activity of Control) x 100%. (f), (g) Increment and Increment ratio of
H:20: content in Col-0 and tapx under /2 MS medium with 2 mM KNOs and NH4Cl (n = 5, each replicate
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consists of pools of five plants grown on the same plate). H-O: increment, defined as the difference of H.O:
content between PNS1 and Control. Increment ratio, defined as (H.O: increment / H-O: increment of
Control) X 100%. (h) Pearson correlation analysis of fresh weight increment (FWI) and increment ratio
(FWIR) with APX activity increment (AAI), APX activity increment ratio (AAIR), H.O: increment (HI),
and H-O: increment ratio (HIR) in Col-0 and fapx. Different letters indicate significant differences (p <
0.05) among treatments, as determined by One-way ANOVA followed by Tukey HSD post-hoc analysis in
(a), (b), (d), (g); and Kruskal-Wallis followed by Dunn’s post hoc test in (¢) and (f). * indicates significant
differences (p < 0.05), ** indicates significant differences (p < 0.01), and *** indicates significant
differences (p < 0.001) between treatments, as determined by z-test.

4 Discussion

Nitrogen assimilation represents one of the most fundamental yet tightly regulated
processes in plant metabolism. Although ammonium is energetically favorable
compared to nitrate, excessive accumulation disrupts cellular ion balance, redox
homeostasis, and hormonal signaling, resulting in the well-documented phenomenon
of ammonium toxicity (Xiao et al., 2023). While decades of research have focused on
plant mechanisms underlying ammonium tolerance (Coleto et al., 2021; Hachiya et
al.,2021; Xiao et al., 2022), our findings reveal that this metabolic challenge can also
be buffered extrinsically by rhizosphere microorganisms. In this study, we
demonstrate that P megaterium PNS1 partially mitigates ammonium toxicity in A.
thaliana and that the magnitude of this benefit is genetically determined. By
integrating Genome-wide association mapping (GWAM) with temporal
transcriptomics and co-expression network analysis, we identified a small set of host
genes associated with PNS1 responsiveness, among which AT/G77490 emerged as a
key candidate. AT1G77490 encodes a THYLAKOID ASCORBATE PEROXIDASE
(TAPX) that detoxifies hydrogen peroxide, and both expression analyses and mutant
phenotyping revealed that its function is required for ammonium tolerance and the
growth-promoting effect of PNS1 under ammonium stress. Physiologically, PNS1
enhanced APX activity and reduced H.O: accumulation in roots, establishing a
mechanistic link between microbial inoculation, redox balance, and ammonium

tolerance.

A key methodological advance of this study lies in the design of GWAS. Instead of
performing GWAS on absolute biomass values, we used fresh weight increment (the
difference in fresh weight between PNS1-inoculated and control plants) and increment
ratio (relative changes normalized to controls) as response traits. This differential
design effectively removed baseline genetic variation in growth potential and captured

the genotype-by-microbe interaction component of the phenotype (Demirjian et al.,
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2023), revealing loci whose effects are conditional on microbial inoculation rather

than additive. Consistent with this principle, significant SNP associations were
detected only in the increment-based datasets (Fig. 2f, h), indicating that
responsiveness to P. megaterium PNS1 arises from interaction-dependent alleles that
mediate microbial signal perception or transduction under ammonium stress. The lead
locus containing ATIG77490 exemplifies such conditional regulation, linking
microbial cues to host redox control. More broadly, this increment-based GWAS
framework provides a sensitive and generalizable strategy for uncovering the genetic

basis of plant-microbe interactions and other context-dependent traits.

Our integrated analysis combining GWAS, transcriptomics, and functional genetics
identified ATI1G77490, encoding THYLAKOID ASCORBATE PEROXIDASE
(TAPX), as a central regulator mediating P. megaterium PNS1-induced tolerance to
ammonium toxicity. TAPX is a chloroplast thylakoid enzyme responsible for
detoxifying hydrogen peroxide under photooxidative stress (Kameoka et al., 2021),
but it has not previously been implicated in the plant response to ammonium toxicity.
Its identification here suggests a broader role of TAPX in redox regulation beyond
photosynthetic tissues. Interestingly, the strong induction of ATIG77490 that we
demonstrated here for the first time in roots was unexpected, as TAPX is generally
regarded as a leaf-specific enzyme (Seiml-Buchinger et al., 2022). Under ammonium
stress, excessive nitrogen assimilation causes the accumulation of reactive oxygen
species (ROS) in roots (Xiao ef al., 2023), where non-photosynthetic plastids likely
contribute to ROS metabolism. In this context, the pronounced upregulation of
AT1G77490 expression (Fig. 5b) and increased APX activity (Fig. 7a) in roots
following P. megaterium PNS1 inoculation indicate that the bacterium enhances redox
homeostasis by activating or ectopically inducing plastidial antioxidant pathways. The
impaired tolerance observed in the tapx mutant further supports the notion that TAPX
is required for this microbe-mediated alleviation of ammonium toxicity (Fig. 6a, b).
Collectively, these findings expand the current paradigm of ammonium stress biology
by positioning the rhizosphere microbiome as an external regulator of intracellular
redox balance and revealing the spatial flexibility of chloroplast-associated

antioxidant systems in coordinating microbe-induced stress resilience.

Our results expand the current paradigm of ammonium stress biology by incorporating
the rhizosphere microbiome as an active regulator of redox balance. In natural soil,

ammonium concentrations frequently fluctuate beyond the physiological buffering
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capacity of plants. The presence of stress-adapted microbial taxa such as P

megaterium may therefore represent an ecological safeguard that stabilizes plant
nitrogen metabolism under such variable conditions. The redox-based buffering
mechanism observed here parallels previous observations of microbial modulation of
drought (Jing et al., 2024), and salinity tolerance (Luo et al., 2021), suggesting that
redox regulation may represent a unifying axis through which the plant microbiome

contributes to stress resilience.

Beyond TAPX-mediated redox regulation, our RNA-seq and WGCNA identified
several other previously characterized ammonium toxicity-responsive genes that were
regulated by PNS, including CATALASE 1 (CATI), CYT-ASSOCIATED PROTEIN
KINASE 1 (CAPI), PYRIDOXINE BIOSYNTHESIS 1.1 (PDX1.1), and WRKY DNA-
BINDING PROTEIN 46 (WRKY46) (Fig. 4e). These genes are known to regulate ROS
detoxification, ammonium efflux, and auxin homeostasis, respectively (Di et al., 2021;
Liu et al., 2022b; Xiao et al., 2023), implying that P. megaterium PNS1 activates a
coordinated network of ROS-hormone crosstalk to mitigate ammonium toxicity.
While TAPX appears to play a dominant role within this network, additional peroxide-
scavenging proteins are likely involved. Future studies are warranted to elucidate the
precise biological mechanisms by which P megaterium PNS1 modulates the
expression of these genes. Such mechanisms may involve specific microbial MAMPS
or metabolites, including phytohormones (mimics). Indeed, P. megaterium PNS1 has
been shown to produce indole-3-acetic acid (IAA) (Chapter 4), and previous studies
have demonstrated that exogenous IAA induces the expression of ammonium-
responsive genes, including upregulated CAT1 and WRKY46 (Ding et al., 2015; Zhou
et al., 2023). Hence, it is plausible that bacterial-derived auxin acts as a signaling
intermediate linking microbial perception to host redox activation. This hypothesis
warrants further investigation through metabolomic profiling and signaling pathway

dissection.

From an applied perspective, our study provides a conceptual framework for
harnessing beneficial microbes to improve nitrogen use efficiency. By showing that P
megaterium PNS1 mitigates ammonium toxicity through reprogramming host redox
homeostasis, we reveal a cross-kingdom regulatory mechanism that enables plants to
tolerate chemically stressful nitrogen conditions. This finding suggests that microbial
partners could allow crops to safely utilize ammonium as a primary nitrogen source,

reducing reliance on energy-intensive nitrate fertilizers (Xiao et al., 2023). However,
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our experiments were conducted under controlled conditions that differ from natural
soil environments, where heterogeneous oxygen, and nitrogen gradients may further
influence microbe-host redox interactions. Moreover, this study focused on a single
plant-microbe pair; whether similar redox-buffering mechanisms operate across
diverse crops and microbial taxa remains to be determined. Future research should
therefore validate these findings in soil-based systems, integrate metabolomic and
genetic approaches to dissect the signaling network underlying microbial redox
modulation, and explore how microbial inoculation could be combined with plant
genetic improvement to enhance nitrogen use efficiency and/or ammonium tolerance.
Collectively, this work provides a mechanistic model for how beneficial microbes
integrate into plant redox networks to confer stress resilience, thereby broadening the
conceptual boundaries of nitrogen physiology and opening new avenues for

microbiome-informed sustainable agriculture.
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6 Supplementary information

6.1 Supplementary Fig. 1-10.
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Supplemental Fig 1. Effects of nine Priestia megaterium strains on Arabidopsis
thaliana growth at I mM NHsNOs

(a) Comparative phenotypic responses of 4. thaliana Col-0 to inoculation with nine P. megaterium strains
under %2 MS medium with 1 mM NHaNO:. (b) Effects of nine P. megaterium strains on the fresh weight of
A. thaliana Col-0 (n =5, each replicate consists of pools of five plants grown on the same plate). Different
letters indicate significant differences (p < 0.05) among treatments, as determined by One-way ANOVA
followed by Tukey HSD post-hoc analysis.
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Supplemental Fig 2. Responses of Arabidopsis thaliana accessions from different

ecological backgrounds to Priestia megaterium PNS1 inoculation

(a) Phenotypic effects of P. megaterium PNSI inoculation on 10 A. thaliana accessions from distinct
ecological backgrounds under /2 MS medium with 2 mM NH4Cl. (b), (c) Fresh weight of the 10 A. thaliana
accessions under Control and PNS1 (n =5, each replicate consists of pools of five plants grown on the same
plate). (d), (e) Fresh weight Increment and Increment ratio of the 10 Arabidopsis accessions (n = 5, each
replicate consists of pools of five plants grown on the same plate). Increment, defined as the difference of
fresh weight between PNSI and Control. Increment ratio, defined as (Increment / Control) x 100%.
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Different letters indicate significant differences (p < 0.05) among treatments, as determined by One-way
ANOVA followed by Tukey HSD post-hoc analysis.
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Supplemental Fig 3. Genome-wide association study of Control and PNS1 datasets
using the Accelerated Mixed Model method.

(a) Manhattan plot and Q-Q plot of the Control dataset based on the Accelerated Mixed Model (AMM)
method. (b) Manhattan plot and Q-Q plot of the PNS1 dataset based on the AMM method.
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Supplemental Fig 4. Genome-wide association study of four datasets using the
Kruskal-Wallis Model method

(a) Manhattan plot and Q-Q plot of the Control dataset based on the Kruskal-Wallis Model (KWM) method.
(b) Manhattan plot and Q-Q plot of the PNS1 dataset based on the KWM method. (c) Manhattan plot and
Q-Q plot of the Increment dataset based on the KWM method. (d) Manhattan plot and Q-Q plot of the
Increment ratio dataset based on the KWM method. Increment, defined as the difference of fresh weight
between PNS1 and Control. Increment ratio, defined as (Increment / Control) x 100%.
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Supplemental Fig 5. Genome-wide association study of 4 datasets using the Linear

Model method

(a) Manhattan plot and Q-Q plot of the Control dataset based on the Linear Model (LM) method. (b)
Manbhattan plot and Q-Q plot of the PNS1 dataset based on the LM method. (¢c) Manhattan plot and Q-Q
plot of the Increment dataset based on the LM method. (d) Manhattan plot and Q-Q plot of the Increment
ratio dataset based on the LM method. Increment, defined as the difference of fresh weight between PNSI

chra

chrs

and Control. Increment ratio, defined as (Increment / Control) x 100%.
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Supplemental Fig 6. Linkage disequilibrium analysis of the lead SNPs

(a, b) Strongly associated regions surrounding the lead SNPs in the Manhattan plots of the Increment and

Increment ratio datasets. (c) Decay region surrounding the lead SNP in the Manhattan plot of the Increment

dataset. Increment, defined as the difference of fresh weight between PNS1 and Control. Increment ratio,

defined as (Increment / Control) x 100%.
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Supplemental Fig 7. Gene Ontology enrichment analysis of Biological Processes for
differentially expressed genes at 1 day, 3 days and 6 days following Priestia

megaterium PNS1 inoculation.

(a, b) Dotplots showing enriched Gene Ontology (GO) terms for downregulated and upregulated
Differentially Expressed Genes (DEGs) at 1 day (1D) following P. megaterium PNS1 inoculation. (c, d)
Dotplots showing enriched GO terms for downregulated and upregulated DEGs at 3 day (3D) following P,
megaterium PNS1 inoculation. (e, f) Dotplots showing enriched GO terms for downregulated and
upregulated DEGs at 6 day (6D) following P. megaterium PNSI inoculation.
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Supplemental Fig 8. Gene Ontology enrichment analysis of Biological Processes for

Red, Brown and Turquoise module of Weighted gene co-expression network analysis

(a) Dotplots showing enriched Gene Ontology (GO) terms for Red module of Weighted gene co-expression
network analysis (WGCNA). (b) Dotplots showing enriched GO terms for Brown module of WGCNA. (c)

Dotplots showing enriched GO terms for Turquoise module of WGCNA.
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Supplemental Fig 9. Ranking positions of seven Arabidopsis thaliana accessions from
different ecological backgrounds for Increment and Increment ratio among 120
accessions

(a) Ranking positions of seven A. thaliana accessions for Increment among 120 accessions. (b) Ranking
positions of seven A. thaliana accessions for Increment ratio among 120 accessions. Increment, defined as

the difference of fresh weight between PNS1 and Control. Increment ratio, defined as (Increment / Control)
% 100%.
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Gene Expression Correlation Heatmap
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Supplemental Fig 10. Pearson correlation analysis of the expression levels of four

candidate genes in seven Arabidopsis thaliana accessions from different ecological

backgrounds

All of the p-values were determined by r-test.

6.2 Supplementary Tables
Supplementary Tables as a separate Excel file:

https://docs.google.com/spreadsheets/d/1f0JOY_9UAoWg4jRXEOypNf2sx8AOR2d
4naH3KzcKgSk/edit?usp=sharing

Supplementary Table 1. List of 120 Arabidopsis thaliana accessions used in the
GWAS

Supplementary Table 2. The primers for qRT-PCR in this study
Supplementary Table 3. GO enrich pathway at 6D

Supplementary Table 4. Weighted Gene Co-Expression Network Analysis gene model

138



