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ABSTRACT

Arbuscular mycorrhizal fungi (AMF) form symbiotic associations with plant roots, profoundly shaping root system architecture
(RSA) and influencing nutrient acquisition in crops. This modulation begins during the early pre-symbiotic stage, when plants
and fungi interact without physical contact. Root formation is orchestrated by signaling molecules, including hormones such as
auxin (IAA) and strigolactones (SLs), as well as reactive nitrogen species such as nitric oxide (NO). However, the mechanisms
by which AMF spores modulate these pathways to influence root development in rice remain largely unexplored. Here, we
investigated the effects of Rhizophagus irregularis spores on root formation in Oryza sativa L., focusing on TAA, SLs, and NO
modulation. Exposure to both live and autoclaved spores enhanced lateral root formation in adventitious roots, whereas only
live spores promoted elongation and secondary branching of large lateral roots (LLRs), a rice-specific feature. These effects were
correlated with increased IAA levels, transcriptomic changes, and decreased SL accumulation, revealing an integrated signal-
ing network controlling LLR development. Histochemical analyses revealed NO accumulation in the root elongation zone and
apex, accompanied by the upregulation of the high-affinity nitrate transporter OsNRT2.1 in LLRs. Together, our findings reveal
a root-type-specific involvement of IAA, SLs, and NO in shaping RSA during the pre-symbiotic stage of AMF interactions. This
study provides new insights into early signaling events that mediate host discrimination and regulate root architecture during
the pre-symbiotic phase of AMF establishment.

1 | Introduction relationships with arbuscular mycorrhizal fungi (AMF; Gonin

etal. 2023; Zhu et al. 2025). Phytohormones and signaling mol-
Root formation and development are dynamic processes that ecules act as mediators, transducing environmental cues into
depend on plant genetics but are also shaped by environ- adaptive responses in the root system (Altamura et al. 2023;
mental factors and biotic interactions, including symbiotic Jan et al. 2024). AMF establish mutualistic associations with
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plant roots, enhancing nutrient acquisition and stress toler-
ance (Bhupenchandra et al. 2025). These interactions often
trigger significant changes in root system architecture (RSA),
including increases in lateral root (LR) formation and de-
velopment (Sun et al. 2015; Chiu et al. 2018, 2022), thereby
optimising the root soil interface for symbiosis. During the
pre-symbiotic phase, germinating AMF spores release sig-
naling molecules called myc-factors that initiate root mor-
phological responses, promoting fungal colonization of root
tissues and nutrient exchange (Aparicio Chacén et al. 2023).
Examples of root plasticity mediators are the phytohormones
auxin (IAA), strigolactones (SLs), and the signaling molecule
nitric oxide (NO; Lanfranco et al. 2018), whose interaction has
been highlighted in lateral and adventitious root formation in
sunflower seedlings, suggesting their functional cooperation
(Bharti and Bhatla 2015).

IA A plays adirect role in root development during plant-microbe
interactions (Lin et al. 2023). In AMF associations, IAA biosyn-
thesis is induced in host plants, leading to enhanced LR devel-
opment and root hair elongation (Ludwig-Miiller 2010; Hanlon
and Coenen 2011; Liu et al. 2018). More broadly, IAA regulates
primary and lateral root formation by promoting cell division
and elongation (Nakamura et al. 2023). In rice, IAA specifically
drives the formation of large lateral roots (LLRs), a distinct lat-
eral root type that develops from adventitious roots alongside
fine lateral roots (FLRs), providing preferred sites for symbiosis
(Kawai et al. 2022).

SLs are carotenoid-derived phytohormones involved in AMF
symbiosis (Fiorilli et al. 2019; Mitra et al. 2021). They were ini-
tially identified as germination stimulants for parasitic plants
such as Striga and Orobanche (Shi et al. 2026), but have since
been recognized for their broader role in plant biology. These
roles include the regulation of shoot and root architecture
(Aquino et al. 2021; Ito et al. 2022; Chen et al. 2023), the pro-
motion of AMF colonization (Foo et al. 2013; Kobae et al. 2018;
Wang, Chen, Braguy, and Al-Babili 2024), and the enhancement
of fungal hyphal branching (Akiyama et al. 2005). In rice root
architecture regulation, SLs interact with IA A by regulating pri-
mary and adventitious root elongation, lateral root formation,
secondary root growth, and AR initiation (Cheng et al. 2013;
Lakehal and Bellini 2019). Furthermore, in rice, expression of
SL biosynthetic genes was observed in LLRs, but not in FLRs, in
response to AMF (Fiorilli et al. 2015).

Recent studies have shed light on the differences between ca-
nonical and noncanonical SLs in rice (Wang et al. 2022, 2024;
Wang, Balakrishna, Martinez, et al. 2024; Li, Haider, et al. 2024;
Li, Chen, et al. 2024). The canonical SLs, 4-deoxyorobanchol
(4DO) and orobanchol (Oro), play key roles in rhizosphere
communication, for example by promoting AMF colonization,
whereas both canonical and noncanonical SLs function as host-
recognition signals (Yoneyama et al. 2018). Recent findings
indicate that SLs can influence NO homeostasis by regulating S-
nitrosoglutathione reductase (GSNOR), an enzyme controlling
NO levels, thereby modulating root growth responses (Olah
et al. 2020).

NO is a gaseous free radical, increasingly recognized as a key
signaling molecule because of its role in several metabolic and

physiological processes, as well as in lateral and adventitious
root development and root primordia formation (Piacentini
et al. 2020; Altamura et al. 2023). In the context of mycor-
rhizal symbiosis, NO contributes to both the establishment
and regulation of AMF symbiosis, specifically by triggering
the common symbiotic signaling pathway (SYM) in the host
plant after symbiont perception (Martinez-Medina, Pescador,
Fernandez, et al. 2019; Martinez-Medina, Pescador, Terron-
Camero, et al. 2019).

Several studies have reported the occurrence of a NO burst
both during the early stages of AM symbiosis and during ini-
tial root interactions with mutualistic fungal endophytes (Zou
et al. 2017; Martinez-Medina, Pescador, Ferndndez, et al. 2019;
Martinez-Medina, Pescador, Terrén-Camero, et al. 2019;
Pathak et al. 2024). The specific functions of NO as a signal-
ing molecule in the initial phases of AMF-plant interactions
remain unresolved and merit further study. In relation to
root development, NO closely interacts with phytohormone
pathways, enhancing IAA synthesis and transport, thereby
influencing TAA-induced root formation and modulating SL
levels to fine-tune root developmental processes (Bouzroud
et al. 2018; Sanchez-Corrionero et al. 2023).

Therefore, given the limited knowledge regarding how AMF
directly affect root formation and development through inter-
nal signaling molecules, this study aimed to investigate the in-
volvement of the phytohormones IAA and SLs, together with
NO, during the pre-symbiotic phase in rice. To address this, we
exposed rice roots to both non-autoclaved and autoclaved AMF
spores and combined morphological, hormone quantification,
histochemical, and transcriptomic analyses. Our results reveal
a root-type-specific response to spore exposure, driven by these
signaling molecules.

2 | Materials and Methods
2.1 | Biological Material and Growth Conditions

Seeds of Oryza sativa L. ssp. Japonica (cv. Nipponbare) were sur-
face sterilized by using a two-step procedure. First, seeds were
sterilized with a 70% (v/v) ethanol solution for 1 min 30 s and
then rinsed three times with Milli-Q water. This was followed
by a second sterilization step using a 40% (v/v) sodium hypo-
chlorite solution for 25 min, after which the seeds were again
rinsed three times with Milli-Q water. Afterwards, the seeds
were sown in sterile Phytatray containers (Sigma-Aldrich).
The culture medium consisted of half-strength Murashige and
Skoog (Murashige and Skoog 1962), supplemented with 0.1% su-
crose and 0.8% agar, adjusted to a pH 5.6-5.8. The medium was
autoclaved at 120°C and 1 atm for 20 min and poured under the
laminar-flow hood. Thirty seeds per treatment were sown on
the medium and kept under long-day conditions (14 h light/10 h
dark) at 28°C and 60% humidity for 6 days.

Spores of the mycorrhizal fungus Rhizophagus irregularis
(MUCL 41833), formerly Glomus intraradices, were obtained
from the Glomeromycota IN vitro COllection (GINCO) of the
Université Catholique de Louvain, Belgium. The inoculum was
stored in the dark at 4°C and handled under sterile conditions.
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Six days after germination, Oryza sativa L. seedlings were trans-
ferred to square Petri dishes containing Modified Strullu and
Romand (MSR) medium (Declerck et al. 1998), solidified with
5% agar, and either exposed or not exposed to Rhizophagus ir-
regularis spores for 7days. In addition to the control plants (C),
the treated plants were inoculated with 100 pl of autoclaved
water containing either 100 non-autoclaved spores (S) or 100
autoclaved spores (AS). The AS were obtained by autoclaving
the spore samples at 120°C and 1 atm for 20 min (Figure S1).
The S and AS groups were used to determine whether plant re-
sponses were specifically induced by metabolically active fungal
signals or could be triggered merely by the presence of spores.
The number of spores used was chosen based on preliminary
experiments performed with 100, 300, and 500 spores. The 100
spores’ treatment induced the strongest morphological response
in root system architecture (Figure S2).

2.2 | Morphological Analysis

Morphological analysis was carried out on 30seedlings either
not exposed (C) or exposed to Rhizophagus irregularis spores
(S and AS) for 7days. Root systems were harvested and fixed in
70% (v/v) ethanol. Mean fresh weight of roots and shoots, root
number, embryonic adventitious roots (ARs) length and the
number and density of LLRs, including root primordia (RP),
secondary roots, secondary lateral roots and primordia were
evaluated using a Nikon SMZ745T stereomicroscope coupled
with DC500 camera and analysed with the NIS-Elements Nikon
Software. To visualize endodermal cell lengths in LLRs, sam-
ples were cleared with chloral hydrate solution (Goodrich 2002)
mounted on microscope slides and observed using a Nikon
Eclipse Ti2 microscope.

2.3 | Phytohormone Detection: IAA and SLs

For TAA and SL quantification, ~30 mg of rice roots and shoots
from control (C) and Rhizophagus irregularis-treated plants
(S and AS) were harvested, flash-frozen in liquid nitrogen,
and stored at —80°C. Extraction and analysis were performed
according to previously established protocols (Ito et al. 2022;
Chen et al. 2023). For SLs, lyophilized and ground root tissues
were spiked with 2 ng rac-GR24 and extracted twice with 2
ml ethyl acetate using ultrasonication (15 min), followed by
centrifugation (8 min, 1292 g, 4°C). Combined supernatants
were dried, redissolved in ethyl acetate and hexane, and puri-
fied using a silica SPE column. After elution with ethyl acetate
and evaporation, samples were reconstituted in acetonitrile:
water (25:75, v/v), filtered (0.22 um), and subjected to LC-MS/
MS analysis. For IAA, freeze-dried ground tissues were spiked
with 10 ng D2-TAA and extracted twice with methanol (750
ul) using ultrasonication (15 min) and centrifugation (5 min,
14 000 X g, 4°C). Combined supernatants were dried, reconsti-
tuted in acetonitrile: water (25:75, v/v), filtered, and analyzed
by LC-MS. SLs and IA A were quantified using a UHPLC triple
quadrupole mass spectrometer (Thermo Scientific Altis) with
a Hypersil GOLD C18 column (150 X4.6mm, 3 um). Mobile
phases consisted of water and acetonitrile (both with 0.1% for-
mic acid) at a flow rate of 0.5 ml min~!. Gradient elution was
25%-100% B (15 min) for SLs and 15%-100% B (10 min) for TAA.

The injection volume was 10 ul, and the column temperature
was maintained at 35°C. Detection was performed in positive
ion mode using H-ESI with optimized MS parameters. MRM
transitions included 176.2—130 for IAA and 178.2—132 for
D2-TAA, along with established transitions for SL compounds
and rac-GR24 (Wang et al. 2026). All analyses were conducted
with three independent biological replicates per treatment.

2.4 | NO Detection and Spore Staining

NO production was determined using the specific fluorescent
NO probe 4-amino-5-methylamino-2’,7-difluororescein diace-
tate (DAF-FM DA; Sigma-Aldrich). In addition, treatment with
100 uM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (cPTIO), a well-known NO scavenger, was used as
a negative control.

Briefly, rice roots either not exposed or exposed to S and AS,
followed or not followed by a cPTIO treatment, were incubated
with 10 uM DAF-FM DA. After 30 min of incubation at 25°C,
roots were washed three times with 20mM HEPES/NaOH buf-
fer to remove excess probe and immediately observed using a
Nikon Eclipse Ti2 widefield fluorescence microscope (Nikon
Instruments) equipped with a Nikon Digital Sight F camera.

LED excitation was set at 480 nm, whereas fluorescence emis-
sion was collected within the 500-550 nm spectral window
using an S Plan Fluor ELWD 20xX/0.45 air objective.

To detect NO fluorescence localisation across LLR sections,
three-dimensional and time-lapse confocal imaging were per-
formed using the Nikon AX/AX R Confocal Microscope System
equipped with the NSPARC system (Nikon Instruments),
which improves resolution through image-scanning micros-
copy (Castello et al. 2019).

Z-stacks were acquired using a z-step of 0.21 um and an Apo
LWD 40x WI IS DICN2 objective, with excitation at 445 nm and
emission collected between 505 and 545 nm. Relative fluores-
cence intensity in LLRs was quantified using ImageJ software
(version 1.53c; Wayne Rasband, National Institutes of Health).

Autoclaved spores of R. irregularis were stained with Nitroblue
Tetrazolium (NBT) and acid fuchsin contrast solution (Figure S1).
Enzymatic activity in viable spores reduces NBT to formazan,
producing a dark blue to black precipitate within spores, whereas
autoclaved spores remained colorless, transparent, or faintly
yellowish (Cornejo and Aponte 2020), thereby confirming their
inactive state. Stained spores were mounted on glass slides and
observed using the Nikon Eclipse Ti2 microscope.

2.5 | Transcriptomic Analysis

For transcriptome sequencing analysis, approximately 30mg
of LLR samples were collected, frozen in liquid nitrogen, and
stored at —80°C. RNA extraction, sequencing, and statistical
analyses were performed by an external provider (Novogene Co.
Ltd.). Analyses were conducted using three independent biolog-
ical replicates per treatment.

Physiologia Plantarum, 2026

30f 13

85UB017 SUOLUWIOD 8AITE.1D) 3{cfedl|dde U Ag peusenob ke ssppiie VO ‘88N J0 Sa|nJ o} Akeiq 18Ul UO A8 |IA LD (SUORIPUOD-PUE-SWISIALI0Y" A8 | 1w Aked U1 |uo//:Sdny) SUoRIPUOD pue swie | 8y} 89S *[9202/60/0T] Uo Akeiqiq8uljuo A8|Im * IQ euu Y elles a.101edns ejonds - ajgeytey e1nio Aq 60T, dd/TTTT 0T/10p/w09 A8 | im Ale.q 1ul|uo//:sdny wouy pspeoiumod 'S ‘9202 ‘YSOE66ET



18
= gm-
o0 H 14
Q €
2 o 12
@ <
g §D10
8 =
e S 6
c ()

3 E 4
o

= < 2

0

C S AS C

Autoclaved

Spores (AS)

a SN

m
w
o

a a 3
n
foe
< 25
f=pm
z9 2
@
€
% 01.5
c £
c 1
(]
=
0.5
0
S AS C S AS

FIGURE1 | Rootapparatus morphological analysis. (A) Root apparatus of the C group. (B) Root apparatus of the S group. (C) Root apparatus of the

AS group. In A-C the respective root primordia (RP) in the upper left corner are shown (bar =1000um); Adventitious roots (ARs) and lateral roots,
large lateral roots (LLRs) and fine lateral roots (FLRs), are indicated in A, B, and C. The scalebar is 1cm. (D) Mean root fresh weight in grams (g).
(E) Mean adventitious root length in centimeters (cm). (F) Mean density of RP and LLRs in ARs (n cm™). Significant differences among the groups

within the same measurement are indicated with different letters. Columns sharing the same letter are not significantly different. Significant differ-

ences of at least p<0.05 are shown (N=30).

2.6 | Statistical Analyses

The results presented derive from the average of three indepen-
dent biological replicates, which showed comparable trends.
Data are presented as mean +standard error (SE). Statistical
analyses were performed using one-way parametric ANOVA
followed by Tukey's multiple-comparisons test with GraphPad
Prism software (version 8.0.2; GraphPad Software).

3 | Results

3.1 | Spore Exposure Specifically Enhanced Root
Biomass and Large Lateral Root Density

Preliminary experiments with varying spore numbers (100,
300, and 500 spores per sample) were carried out to select the
spore number that elicited a clear morphological response in
RSA (Figure S2). The 100-spore group showed a more pro-
nounced effect on root fresh weight (Figure S2A) and second-
ary primordia and lateral root densities in LLRs (Figure S2D)

compared with the other groups; therefore, this spore number
was selected for subsequent experiments. The root system ar-
chitecture of non-exposed (C) rice plants and plants exposed
to 100 spores, either non-autoclaved or autoclaved, is shown
in Figure 1A-C. No significant differences were observed in
the number of ARs per seedling among the groups. The mor-
phological variations of the RSA were assessed by evaluating
mean root fresh weight, adventitious root (AR) length, and the
density of root primordia (RP) and large lateral roots (LLRs)
in ARs (Figure 1D-F). Figure 1D, illustrates a significant in-
crease (p<0.01) in mean root fresh weight in the S-treated
group, compared with C, whereas the AS treatment did not
differ significantly from the control. No significant differ-
ences were observed in shoot weight (Figure S3). Likewise, no
significant differences were observed among groups in adven-
titious root length (Figure 1E). In the analysis of RP and LLR
density in ARs, RP density did not show significant differ-
ences among the groups (Figure 1F). In contrast, the density
of LLRs in both treated groups was significantly higher than
that of the control. These results highlighted that the S group,
in particular, had a stronger effect on LLR formation.
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(N=30).

3.2 | Intact Spores Promoted LLR Elongation
and Increased Primordia and Lateral Root Formation

LLRs are preferential sites for arbuscular mycorrhizal (AM)
symbiosis, particularly during the early stages of interaction
in rice; therefore, their response to S and AS treatments pro-
vided key insights into plant-AMF interactions. To investigate
this, we analysed LLR development by quantifying the LLRs'
length and density of RP and LRs present in LLRs (Figure 2).
The mean LLRs' length in the S group was statistically greater
than in all other groups (p <0.01; Figure 2A). Furthermore,
both RP and LR densities in LLRs were significantly higher
in the S group compared with the AS and C groups (p <0.01;
Figure 2B). Consistently, Figure 2D showed a higher den-
sity of lateral roots in the S group relative to the AS group
(Figure 2E), whereas the C group exhibited no visible lateral
roots (Figure 2C).

Given that in rice endodermal cells cooperate with pericycle
cells during lateral root primordium formation (Rebouillat
et al. 2009), we further assessed whether root primordium for-
mation was linked to differences in endodermal cell elongation
in LLRs. The mean endodermal cell length was significantly
higher in the S group (65.1 +1.07 um) than in both the AS group

(59.14 £0.29 um, p <0.05) and the C group (56.02 £2.41 pm, p
<0.01). These results indicated that the S treatment promoted
LLR development by enhancing both elongation and the initia-
tion and progression of RP and LR formation, likely in associa-
tion with increased endodermal cell length.

3.3 | Spore Perception Triggered Differential
Auxin Accumulation and Systematic Depletion
of Tissue Strigolactones

The involvement of TAA and SLs during the pre-symbiotic
phase of the AMF-rice interaction was evaluated by quanti-
fying their content in dry root biomass of the C, S, and AS
groups. Figure 3A, shows significantly higher IAA levels in
the S and AS groups compared with the C group, with sig-
nificant differences also observed between the two exposed
groups (p <0.01). IAA content was also measured in shoots
(Figure S4), and significantly higher IAA content was ob-
served in the S group compared with the C and AS groups
(p <0.01).

Strigolactone (SL) content differed among the groups across
both canonical (4-deoxyorobanchol, 4DO; orobanchol, Oro)
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letters or symbols, or with the same ones, are not significantly different. Significant differences of at least p <0.05 are shown. Means of three biolog-

ical replicates.

and non-canonical compounds (Oxo-CL; 4-o0xo0-19-OH-CL
(CL+30); 4-0x0-MeCLA; and OH-4-oxo-MeCLA; Figure 3B;
Wang, Balakrishna, Martinez, et al. 2024). When considered
along the biosynthetic pathway, distinct patterns emerged.
Within the canonical SLs, 4DO levels were significantly re-
duced in both S and AS compared with C (p <0.01), whereas
Oro concentrations did not differ significantly among groups.
Among non-canonical SLs, Oxo-CL accumulated to higher
levels in the AS group relative to both C and S, whereas
4-0x0-19-OH-CL showed the opposite trend, with reduced lev-
els in AS compared with C and S. The downstream metabolite
4-oxo-MeCLA was significantly decreased in both S and AS
relative to C (p <0.01), whereas OH-4-oxo-MeCLA was spe-
cifically reduced in the AS group (p <0.01) compared with
both C and S. Overall, these results indicated a general decline
in root SL levels in response to spore exposure, particularly
under the AS condition, with differential modulation of spe-
cific intermediates along the pathway.

3.4 | Spores Induced Tissue-Specific Nitric Oxide
Accumulation and Internal Relocalization in
LLR Apexes

To assess the involvement of NO in response to spore presence,
we analysed the presence and distribution of the NO signal in
adventitious and large lateral roots. No NO signals were detected
in adventitious roots; interestingly, an NO signal was observed
in the apex region of the LLRs, where fluorescence intensity was
measured (Figure 4G). The distribution of the NO signal in LLRs
apexes is shown in Figure 4G. Regarding fluorescence intensity,
measurements of the LLR apexes revealed significantly higher val-
ues in the S group compared with the C (p <0.01) and AS groups
(p <0.05). To further evaluate NO signal distribution, representa-
tive roots from each group were selected and z-stacked images of
the NO signal were acquired and combined into a single recon-
struction (Figure 4A-C). Interestingly, a clear difference in the
internal distribution of the NO signal was visible in the individual
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Control (C) Spores (S) Autoclaved (AS) C

Mean Nitric Oxide fluorescence

C S AS

FIGURE 4 | Nitric oxide (NO) histochemical detection. (A) A merged z-stack image of the NO signal in a LLR from the C group.
(B) A merged z-stack image of the NO signal in a LLR from the S group. (C) A merged z-stack image of the NO signal in LLRs from the AS
group. The scalebar is 100 um. (D) Transverse section of the z-stack image of the LLR from the C group. (E) Transverse section of the z-stack
image of the LLR from the S group. (F) Transverse section of the z-stack image of the LLR from the AS group. (G) Fluorescence intensity in
the LLRs apex (apical region). Significant differences are indicated with different letters. Significant differences of at least p <0.05 are shown
(N=30).
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TABLE1 | Listof genes expressed in the LLRs of the S group compared to the C group.

Gene ID Gene name Gene regulation Gene family Description
0s06g0166500 OsIAA20 Downregulated ARF Auxin signal trasduction
0s01g0753500 OsARF3 Upregulated ARF Auxin signal trasduction
0s02g0112600 NRT2.1 Upregulated CKX Nitrogen metabolism
0s01g0940000 CKX Upregulated NRT?2 Regulation of hormone levels
0s11g0592000 OsPR4c Upregulated PR4 Multi-organism process
0s11g0592100 OsPR4b Upregulated PR1 Multi-organism process
0s07g0129300 OsPR1 Upregulated PR1 Plant hormone signal trasduction
0s07g0129200 PR1A Upregulated PR1 Plant hormone signal trasduction
0s07g0127500 OsPR1#072 Upregulated PR1 Plant hormone signal trasduction
0s07g0127600 OsPR1#073 Upregulated PR1 Plant hormone signal trasduction

Note: The table describes, starting from the left, the gene ID, the gene name, whether the gene is upregulated or downregulated, the name of the transcription factor

family, and a brief description of their role. Mean of three biological replicates.

z-planes and in the sliced images obtained for each large lateral
root (Figure 4D-F). The images clearly showed that an NO signal
was present in the internal tissue layers of the S group, whereas
in the C and AS groups it was detected only in the epidermis. In
time-lapse (Movie S1) and z-stack acquisitions (Movie S2) of the
elongation region of an S-treated LLR, fluorescent particles were
observed moving within epidermal cells of the large lateral roots.
In cortical, endodermal and pericycle cells, the fluorescent probe
signal revealed the presence of NO in the cell vacuole. Finally, the
presence of an NO signal in the LLR samples was validated using
the NO scavenger cPTIO (Figure S5), which removed the NO sig-
nal in the respective groups.

3.5 | Transcriptomic Profiling Revealed
Divergence Between Symbiotic Signaling
and Stress-Related Defense Responses

To characterize the transcriptional profile of the different
groups, RNA sequencing was performed on LLR samples. At
the transcriptome-wide level, we first assessed the total num-
ber of expressed transcripts across groups. The Venn diagram
(Figure S6) illustrates the distribution of these transcripts, high-
lighting the impact of AMF presence on the total gene reper-
toire. Specifically, 299 genes were detected exclusively in the
C group, 582 in the S group, and 807 in the AS group, whereas
20 502 genes were common to all three groups.

Tables 1 and 2 list selected differentially expressed genes in the
S and AS groups, respectively, compared with the control. In
the S group (Table 1), genes related to IAA signaling were no-
tably affected. For example, OsIAAZ20, a transcriptional repres-
sor of TAA signaling, was downregulated, whereas OsARF3, an
TAA response factor capable of activating or repressing gene
expression in response to IAA, was upregulated. Additionally,
OsNRT2.1, a high-affinity nitrate transporter (Zhang et al.
2024), was upregulated, suggesting a possible role in the NO
accumulation observed in LLRs. Furthermore, genes encod-
ing Pathogenesis-Related Protein 4 (OsPR4c and OsPR4b), typ-
ically expressed during pathogen attack but also responsive to

beneficial microbes such as AMF, were activated, together with
OsPR1, PR1A, OsPR1#072, and OsPR1#073.

In the AS group (Table 2), several IAA-related genes were
upregulated, including OsIAA16, OsGH3-6, and OsSAURIZ2.
OsIAAIG6 is a negative regulator of TAA signaling, OsGH3-6
conjugates excess IAA to amino acids to reduce free IAA lev-
els, and OsSAURI2 is an early IAA responsive gene rapidly
induced by IAA. Genes from the PRI family (e.g., OsPRI#072,
OsPR1#073, OsPR1#101, OsPR1, PR1A, PR1b) were also upreg-
ulated, consistent with the S group. Furthermore, several bZIP
transcription factors associated with stress responses were in-
duced (OsbZIP63, OsbZIP79, OsbZIP70, OsbZIP17, OsbZIP83,
OsbZIP49, BZIP12), together with OsTGAPI, a key regulator
of phytoalexin biosynthesis activated by jasmonic acid (JA).
Defense-related chitinase genes (Chtl, Cht2, Cht3) which are
strongly induced by JA and ethylene, as well as ACS2 (a gene
involved in ethylene biosynthesis) and the ethylene responsive
transcription factor OsERF#083 were also upregulated. In con-
trast, OsJAZ11, a repressor of the JA signaling pathway, was
downregulated. The transcriptomic analyses revealed no dif-
ferential expression of genes involved in SLs biosynthesis and
signaling in the S and AS groups compared with the C group.

4 | Discussion

The results presented in this study provide comprehensive in-
sights into the effects of autoclaved and non-autoclaved spores
of the fungus Rhizophagus irregularis on root system architec-
ture, phytohormones, and NO in Oryza sativa L. Morphological
assessments, phytohormone detection, and NO histochemical
analyses revealed significant changes in root structure, phy-
tohormone modulation, and NO production, indicating that
spore presence and viability play crucial roles in root develop-
ment through IAA and SL modulation and stimulation of NO
production.

Compared with the root system architecture of the control
group, S- and AS-treated groups showed distinct differences,
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TABLE 2 | Listof genes expressed in the LLRs of the AS group compared to the C group.

Gene ID Genename Generegulation Transcription factor family Description
0s02g0769100 OsSAUR12 Upregulated SAUR Auxin signal trasduction
0s05g0143800 OsGH3-6 Upregulated GH3 Auxin signal trasduction
0s05g0186900 OsIAA16 Upregulated ARF Auxin signal trasduction
0s07g0127500 OsPR1#072 Upregulated PR1 Multi-organism process
0s07g0127600 OsPR1#073 Upregulated PR1 Multi-organism process
0s07g0129200 PR1A Upregulated PR1 Multi-organism process
0s07g0129300 OsPR1 Upregulated PR1 Multi-organism process
050320860100 PR1b Upregulated PR1 Multi-organism process
0s10g0191300 OsPR1#101 Upregulated PR1 Multi-organism process
0s07g0687700 OsbZIP63 Upregulated bZIP Plant hormone signal trasduction
Os11g0152700 OsbZIP79 Upregulated bZIP Plant hormone signal trasduction
0s09g0280500 OsbZIP70 Upregulated bZIP Plant hormone signal trasduction
0s502g0194900 OsbZIP17 Upregulated bZIP Plant hormone signal trasduction
0s12g0152900 OsbZIP83 Upregulated bZIP Plant hormone signal trasduction
0s06g0614100 OsbZIP49 Upregulated bZIP Plant hormone signal trasduction
0s01g0867300 OsTGAP1 Upregulated bZ1P Regulator of phytoalexin biosynthesis
0s07g0127700 BZIP12 Upregulated bZIP Plant hormone signal trasduction
0s10g0571300 OsJAZ11 Downregulated JAZ Jasmonate signal trasduction
0s04g0618700 ACS2 Upregulated ACS Ethylene biosynthesis
0s03g0860100  OsERF#083 Upregulated ERF Ethylene signal trasduction
0s04g0578000 Cht3 Upregulated GH18 Defense-related chitinase gene
0s07g0127700 Cht2 Upregulated GH18 Defense-related chitinase gene
050620726200 Cht1(Chil) Upregulated GH18 Defense-related chitinase gene

Note: The table describes, starting from the left, the gene ID, the gene name, whether the gene is upregulated or downregulated, the name of the transcription factor

family, and a brief description of their role. Mean of three biological replicates.

particularly in the length and density of large lateral roots
and in root fresh weight. Adventitious root length remained
unchanged across all groups, indicating that spores did not
affect AR elongation. Likewise, the density of adventitious
root primordia remained unchanged, in contrast to previous
reports (Chiu et al. 2022), which may be due to differences in
experimental conditions and to the embryonic nature of roots
at this stage, which is characterized by programmed develop-
ment (Rebouillat et al. 2009; Betti et al. 2021). By contrast,
the density of LLRs was significantly increased in both the S
and AS groups compared with the control. This suggests that,
in adventitious roots, S and AS treatment promoted LLR de-
velopment at early stages, with induction likely mediated by
chitin-derived compounds released from the spore cell wall
(Chiu et al. 2022; Raffaele et al. 2024).

In contrast, within the LLRs, which are preferred sites of sym-
biosis in rice (Gutjahr et al. 2009), elongation as well as the
density of root primordia and lateral roots were significantly
enhanced in the S group compared with the C and AS groups.
These differences were further supported by measurements of

endodermal cell length, which was significantly greater in the
S group, indicating enhanced cellular elongation underlying
LLR growth. The reduced elongation observed in the AS group
relative to S suggests differential regulation of root growth,
likely associated with hormonal imbalance rather than with
simple absence of stimulatory signals. Indeed, quantification
of indole-3-acetic acid (IAA) revealed elevated levels in both S
and, more prominently, AS-treated roots compared with con-
trols. Although auxin is well established as a key promoter
of lateral root initiation and primordia formation in rice
(Nakamura et al. 2023), its effect on root elongation is dose-
dependent, with supra-optimal concentrations inhibiting cell
elongation (Ivanchenko et al. 2010). In this context, the lower
LLR elongation observed in the AS group may be interpreted
as a consequence of auxin overaccumulation or dysregulated
auxin homeostasis. This interpretation is supported by tran-
scriptomic data showing upregulation of auxin-responsive
repressors such as OsIAAI6 and the conjugating enzyme
OsGH3-6 in AS-treated roots, both of which are typically in-
duced under high-auxin conditions to buffer excess hormone
levels (Chen et al. 2022). Such a response suggests activation
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of a negative feedback mechanism aimed at mitigating auxin
toxicity. Conversely, in the S group, upregulation of OsARF3
and downregulation of the repressor OsIAA20 indicate a more
balanced and transcriptionally active auxin signaling state,
consistent with conditions favoring both primordia formation
and sustained root elongation. Moreover, OsNRT2.1 has been
linked to auxin signaling, as its overexpression induces the
expression of auxin transporters (OsPINs), thereby promoting
root system development, including lateral root formation in
rice (Naz et al. 2019). This suggests that, in the S group, auxin
distribution and transport may have been more efficiently
coordinated, further supporting optimal LLR development.
Together, these findings support a model in which S promoted
optimal auxin signaling conducive to LLR development,
whereas AS induced an excessive or misregulated auxin re-
sponse that enhanced initiation processes but restricted elon-
gation through inhibition of cell expansion.

Concerning SL dynamics within root tissues, our results re-
vealed a general decline in both canonical and non-canonical SLs
following spore exposure. The reduction in 4-deoxyorobanchol
(4DO), one of the canonical SLs known to stimulate hyphal
branching in AM fungi, is consistent with feedback regulation
of SL biosynthesis upon fungal perception. Such regulation has
been proposed to fine-tune SL availability during the transition
from the pre-symbiotic to the early symbiotic phase (Fiorilli
et al. 2019), although the relative contribution of internal versus
exuded SL pools remains to be clarified (Wang, Chen, Braguy,
and Al-Babili 2024). In addition, SLs are known to interact with
auxin pathways, primarily by modulating auxin transport and
distribution rather than directly controlling auxin biosynthesis
(Hayward et al. 2009; Prusinkiewicz et al. 2009). Therefore, the
observed decline in 4DO has contributed to shifts in auxin ho-
meostasis, potentially contributing to the prevention of exces-
sive auxin accumulation (Chen et al. 2022). A similar trend was
observed for noncanonical SLs, including 4-oxo-MeCLA and
OH-4-oxo-MeCLA. Although their specific biological roles re-
main less well characterized than those of canonical SLs, these
compounds are thought to participate in SL-mediated develop-
mental regulation (Li, Chen, et al. 2024). In rice, SLs have been
reported to suppress lateral root development, largely through
interactions with auxin signaling (Sun et al. 2019). Accordingly,
the reduction in SL levels observed in the S group may reflect
a partial release of this suppression, thereby facilitating lateral
root elongation. In contrast, the pronounced depletion of SL me-
tabolites in the AS group, together with elevated IA A levels, may
reflect a disruption of hormonal balance, potentially leading to
altered or dysregulated root development rather than coordi-
nated growth promotion.

Interestingly, RNA-seq analysis revealed no significant differ-
ential expression of SL biosynthetic or signaling genes at the
sampled time point. This suggests that the observed metabolic
changes in SL levels have been regulated post-transcriptionally
or may have occurred during a transcriptional window outside
our analysis. However, the transcriptomic profile of the AS
group was characterized by robust upregulation of stress and
defense related genes (e.g., PR genes, bZIP genes, etc.). This im-
plies that the plant did not recognize the spores as symbionts,
but rather as a source of biotic stress. This stress-induced state
could further suppress SL production while maintaining high

IAA signaling as part of a generalized defense response (Pandey
et al. 2016; Bouzroud et al. 2018), ultimately restricting the opti-
mal development of LLRs observed in the S group.

Histochemical analysis revealed that the S group stimulated NO
production within the internal tissues of the LLR apex. In con-
trast, LLRs of the AS and C groups exhibited only superficial NO
signaling localized in the epidermal tissues. Quantification of
NO fluorescence intensity (Figure 4G) further highlighted signif-
icant differences between the S and AS groups, suggesting that
chitin-derived compounds or other molecules released by auto-
claved spores were insufficient to induce NO production at lev-
els comparable to those triggered by live spores. Transcriptomic
analysis supported these findings, with upregulation of NRT2.1
in S-exposed LLRs, a high affinity nitrate transporter (Wang,
Balakrishna, Martinez, et al. 2024). Since nitrate is one of the
putative precursors of NO (Reda et al. 2022), its increase may
have contributed to enhance NO production. Therefore, these re-
sults further support a dynamic relationship between IAA and
NO at the expression level during spore-induced root responses.
Interestingly, a slight signal was also observed in the apical and
elongation zones of LLRs in the AS group compared with the C
groups (Figure 4C). This indicates that even autoclaved spores
partially activated NO signaling in regions of active root growth,
consistent with the induction of LLRs observed in the morpho-
logical analysis. A nitric oxide signal was detected in the con-
trol group predominantly in the outermost tissues and root cap,
supporting its constitutive role in root development (Prakash
et al. 2020; Das et al. 2026). In contrast, spore exposure altered
the spatial distribution of NO within the root, suggesting a role for
biotic cues in shaping NO-mediated signaling patterns. In the S-
treated roots, vesicle-like particles observed especially in the rhi-
zodermal cells (Movies S1 and S2), suggested vesicle trafficking
potentially linked to cell wall construction and possibly associated
with NO containing vesicles (Lombardo and Lamattina 2012), al-
though further testing is needed to confirm this hypothesis. This
observation aligns with previous reports showing that NO medi-
ates IAA responses and cell wall biosynthesis during lateral root
formation (Correa-Aragunde et al. 2008); however more studies
are required to validate the observations reported here.

In conclusion, our results demonstrated a differential response
of rice roots to non-autoclaved versus autoclaved AMF spores,
particularly in LLRs. In the S group, LLR elongation and sec-
ondary branching were significantly promoted, accompanied
by elevated IAA levels, reduced SLs, and upregulation of IAA-
responsive genes. In contrast, autoclaved spores reduced LLR
elongation and branching and triggered a distinct signaling pro-
file characterized by the induction of IAA repressors and bind-
ing proteins together with stress- and defense-related genes. NO
production and localization mirrored these differences, with
substantially higher NO accumulation in roots exposed to non-
autoclaved spores. These findings underscore the dynamic and
multifaceted responses of rice roots to AMF-derived signals and
highlight the crucial influence of root type in determining these
responses, beyond the effects of either non-autoclaved spores or
chitin-derived compounds released from autoclaved spores.

Collectively, this study revealed a complex modulation of TAA,
SLs, and NO in regulating root architecture during the pre-
symbiotic phase of AMF-plant interactions. Elucidating these
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early signaling events is of critical importance, as they not only
act as a discrimination mechanism between a beneficial symbi-
ont and a potential pathogen, but also drive the hormonal shifts
required to optimize root development for successful symbiosis
establishment. Further research is needed to unravel the exact
molecular pathways orchestrating these early events and their
long-term role in establishing successful symbiosis.
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groups.

Physiologia Plantarum, 2026

13 of 13

85UB017 SUOLUWIOD 8AITE.1D) 3{cfedl|dde U Ag peusenob ke ssppiie VO ‘88N J0 Sa|nJ o} Akeiq 18Ul UO A8 |IA LD (SUORIPUOD-PUE-SWISIALI0Y" A8 | 1w Aked U1 |uo//:Sdny) SUoRIPUOD pue swie | 8y} 89S *[9202/60/0T] Uo Akeiqiq8uljuo A8|Im * IQ euu Y elles a.101edns ejonds - ajgeytey e1nio Aq 60T, dd/TTTT 0T/10p/w09 A8 | im Ale.q 1ul|uo//:sdny wouy pspeoiumod 'S ‘9202 ‘YSOE66ET



	Auxin, Strigolactones, and Nitric Oxide Coordinate Lateral Root Development in Rice During Early Interaction With Rhizophagus irregularis
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Biological Material and Growth Conditions
	2.2   |   Morphological Analysis
	2.3   |   Phytohormone Detection: IAA and SLs
	2.4   |   NO Detection and Spore Staining
	2.5   |   Transcriptomic Analysis
	2.6   |   Statistical Analyses

	3   |   Results
	3.1   |   Spore Exposure Specifically Enhanced Root Biomass and Large Lateral Root Density
	3.2   |   Intact Spores Promoted LLR Elongation and Increased Primordia and Lateral Root Formation
	3.3   |   Spore Perception Triggered Differential Auxin Accumulation and Systematic Depletion of Tissue Strigolactones
	3.4   |   Spores Induced Tissue-Specific Nitric Oxide Accumulation and Internal Relocalization in LLR Apexes
	3.5   |   Transcriptomic Profiling Revealed Divergence Between Symbiotic Signaling and Stress-Related Defense Responses

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Funding
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	References


