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Abstract 

Most land plants engage in a mutualistic interaction with arbuscular mycorrhizal fungi 

(AMF), for which Rhizophagus irregularis is a model species. Like plant pathogenic fungi, 

AMF genomes encode hundreds of putative effector proteins. However, for only a few, 

the molecular mechanisms by which they alter the host’s physiology are known. Here, we 

combined several reverse genetic approaches to unravel the role of the RIRG190 effector 

protein in arbuscular mycorrhiza (AM) symbiosis. Using multiple heterologous tools, ev-

idence is provided that the RIRG190 effector is secreted and localizes to the plant nucleus. 

Moreover, by means of yeast two-hybrid (Y2H) and ratiometric bimolecular fluorescence 

complementation (rBIFC) assays, the data demonstrate that RIRG190 interacts with the 

protein Something About Silencing (SAS10), known to be involved in rRNA biogenesis in 

the nucleolus of cortical cells. Our findings suggest that rRNA biogenesis is a key process 

modulated by AMF, potentially to enhance plant metabolic activity, facilitating cell cycle 

progression, and to support the establishment of the symbiosis. 

Keywords: Rhizophagus irregularis; AM symbiosis; effector protein; Solanum lycopersicum; 

Arabidopsis thaliana; rRNA biogenesis; nucleus 

 

1. Introduction 

Arbuscular mycorrhizal fungi (AMF) are root symbionts that help approximately 

two-thirds of the land plants to overcome nutrient deficiency, while improving tolerance 

to a changing environment [1–5]. The successful establishment of the AM symbiosis re-

quires a complex and fine-tuned exchange of communication signals between both part-

ners, with AM symbionts undergoing a drastic reprogramming of the cellular homeosta-

sis and a shift in the root gene expression profile to promote fungal colonization [6,7]. 

Forward and reverse genetic studies in AM host plants have revealed the importance of 

the so-called symbiosis (SYM) pathway, responsible for decoding fungal Myc-factor sig-

natures and for orchestrating the downstream cellular events essential for fungal coloni-

zation [8–11]. Alongside the SYM pathway, cellular changes, such as cytoskeleton redis-

tribution, vacuole fragmentation, activation of ion transport, plant nuclear movements, 

and cell cycle modulation, are promoted to allow fungal niche occupation [12–16]. Once 

the pre-symbiotic phase has been set, the fungus grows through the different cell layers 
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until reaching the root inner cortex, where its hyphae branch intracellularly to develop 

into arbuscules [6]. These arbusculated cells represent major functional units in which nu-

trients, and probably other molecules, are traded between both organisms [17–23]. Yet, 

most of the fungal cues that participate in AM symbiosis beyond the pre-symbiotic phase 

remain to be characterized. 

During plant–microbe interactions, microorganisms secrete and can further translo-

cate proteinaceous effectors inside the host plant cells [24–27]. Once internalized, effectors 

bind and adjust the activity of host proteins, DNA, and/or RNA to influence the host phys-

iology to ease microbial colonization [28–30]. Equally, AMF make use of such strategies 

to regulate the mycorrhization outcome [31–34]. Yet, effective elucidation of the role of 

AMF effector proteins is hampered by the lack of functionally characterized protein do-

mains in their sequences and the impossibility of genetically modifying AMF [35,36]. For 

these reasons, the identification of the effector’s plant target(s) is an important aspect to 

infer effector function. Despite the fact that several hundred transcriptionally active puta-

tive Rhizophagus irregularis (Rhizophagus) effectors have been identified in different plant 

host species, only few have been investigated for their function in AM symbiosis, with a 

strong focus on the model plant Medicago truncatula (Medicago) [37–42]. Remarkably, a 

detailed understanding of the molecular mechanisms employed by Rhizophagus intracel-

lular effectors to influence the plant host physiology is just starting to increase [37,41]. The 

Rhizophagus nuclear-localized effector1 (RiNLE1) and secreted protein 7 (SP7) effectors 

regulate plant host immunity by binding to histone 2B (H2B) or by interacting with the 

pathogenesis-related transcription factor Ethylene response factor 19 (ERF19), respec-

tively [37,41]. Further investigation of the SP7-like effector family demonstrated associa-

tion of several effectors with the serine/arginine (SR)-rich protein 45 to interfere with al-

ternative splicing of immunity-related genes [43]. Finally, the nuclear-localized effectors 

GLOIN707, GLOIN781, GLOIN261, and RiSP749 might tackle different molecular pro-

cesses, such as DNA replication, methylglyoxal detoxification, and RNA splicing, through 

association with specific host plant nuclear targets [42]. Thus, while vast improvements 

have been made in the AMF effector field in the last decade, comprehensive knowledge 

of the molecular processes exploited by fungal effectors during AM symbiosis is still 

scarce. 

During microbial establishment, the transcriptional and translational machinery of 

host root cells gets boosted to activate many key functional processes to allow infection 

and accommodate the microbe. An example is the induction of changes in the host cell 

cycle to allow colonization, also occurring during legume nodulation or pathogenic root-

knot nematode infestation [15,44–46]. Activation of ectopic cortical cell division prior to 

AMF colonization, as well as a rise in ploidy levels and increased nuclear sizes during 

fungal accommodation, have been reported [15,16,47–49]. Hence, the fine-tuning of the 

host cell molecular machinery and metabolism is essential for fungal progression and 

niche occupation in AM symbiosis. 

In this work, we investigated the role of the Rhizophagus effector protein RIRG190 in 

AM symbiosis following the experimental workflow schematically summarized in Figure 

S1. RIRG190 is expressed in mycorrhized Solanum lycopersicum (tomato) roots, has a func-

tional signal peptide (SP) for its secretion, carries a predicted nuclear localization signal 

(NLS), and is mainly localized in the plant nucleus, with enhanced accumulation in nu-

cleolar-like structures. Ectopic expression of RIRG190 in tomato positively influenced ar-

buscule abundance. We identified the host plant’s SlSAS10 nuclear protein as an RIRG190-

interacting protein and, by means of reverse genetic studies and functional analysis, we 

hypothesize that the protein complex formed by RIRG190 and SlSAS10 can adjust rRNA 

biogenesis to guarantee a balanced AM symbiosis. 
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2. Results 

2.1. RIRG190 Is a Potential Nuclear Effector Protein Secreted During AM Symbiosis in Tomato 

RIRG190 was formerly annotated as a potential effector protein from R. irregularis 

[34] that contains a “cysteine-rich secretory proteins, antigen 5, and pathogenesis-related 

1 (PR1) proteins” (CAP) domain, also found in other effectors from the pathogenic fungus 

Ustilago maydis [50]. RIRG190 is a small protein that carries a putative N-terminal SP, 

which could allow its secretion outside the fungal cell [51] as well as a predicted NLS for 

its possible translocation into the plant nucleus (Figure S2A) [51,52]. RIRG190 has been 

shown to be expressed in many mycorrhized hosts [34], but expression data was lacking 

in tomato. To get insight into RIRG190 expression during AM symbiosis in tomato, tomato 

composite plants expressing SlPT4p:GFP RolDp:mRuby-NLS were generated as previously 

described [42,53,54]. These composite plants display a wild-type (WT) shoot and trans-

genic roots, with each hairy root resulting from independent transformation events [53]. 

While nuclear mRuby fluorescence indicates positively transformed roots, green fluores-

cent protein (GFP) driven by the arbuscule-specific promoter SlPT4 reports the presence 

of arbuscule-containing cells (Figure S2B) [54,55]. We investigated the RIRG190 expression 

levels in GFP-enriched regions and compared them to those in regions depleted of arbus-

culated cells at two weeks post-inoculation (wpi). When normalized against the fungal 

gene RiEF1α, RIRG190 gene expression was detected in both root sections (Figure 1A), 

suggesting a broad expression of RIRG190 inside the fungus throughout the different 

stages of the symbiotic process. The arbuscule-specific phosphate transporter-encoding 

gene SlPT4 [53] was significantly upregulated in the arbuscule-enriched fraction com-

pared to the non-enriched material at 2 wpi (Figure 1B), confirming functional symbiosis 

at this timepoint. 
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Figure 1. RIRG190 is a nuclear effector protein potentially secreted during AM symbiosis in tomato 

(A,B) RIRG190 (A) and SlPT4 (B) gene expression levels in SlPT4p:GFP RolDp:mRuby-NLS mycor-

rhized tomato roots at 2 wpi. RIRG190 values were normalized using RiEF1α and SlPT4 values using 

SlEF1α and SlGAPDH housekeeping genes and the arbuscule-enriched regions were relatively com-

pared to non-enriched samples. Data are represented as mean ± SEM of two independent biological 

repeats (n = 12; * p < 0.05; Student’s t-test). (C) YST experiment performed with the three different 

RIRG190 effector sequence parts, i.e., the signal peptide (SP), the coding sequence without SP (CDS), 

and the full length (FL), fused to the SUC2 gene in the pYST1 vector. As a negative control for se-

cretion, the empty vector (EV) was used, while MtCLE13 was used as a positive control. Positively 

transformed Y02321 colonies were diluted and grown on SD/L control growth medium and on 

YNB/LS sucrose selective medium for 3 days at 30 °C. (D) Subcellular localization of the RIRG190-

GFP fusion protein. 35Sp:GFP RolDp:mRuby-NLS (upper row) and 35Sp:RIRG190-GFP RolDp:mRuby-

NLS (lower row) were transiently overexpressed in tobacco leaf cells. Arrowheads indicate the cy-

toplasm (orange), nucleus (purple), and nucleolus (white). The left panel is the GFP signal, the sec-

ond panel is the mRUBY fluorescence signal, the third panel is the bright field, and the right panel 

is a merge between the three. A minimum of three individual tobacco leaves were infiltrated and 

analyzed, all showing the same localization. Bars, 20 µM. 

Because RIRG190 carries a putative N-terminal SP (Figure S2A) [51], its secretion abil-

ity was tested through the yeast secretion trap (YST) assay [56]. To this end, the predicted 

RIRG190 SP, the effector coding sequence (CDS) lacking the SP, or the effector full length 

(FL) were fused to the sucrose invertase (SUC) gene and transformed into a SUC-deficient 

Saccharomyces cerevisiae (yeast) strain [57]. Only yeasts expressing SUC2 fusions with a 

functional SP for extracellular secretion can metabolize the sucrose in the medium to sup-

port development. Growth was detected for all yeasts in the control medium, whereas in 

the sucrose-supplemented medium, yeast growth was only observed for those expressing 

the RIRG190 SP- and FL-SUC2 fusions, indicating that the RIRG190 SP is functional (Fig-

ure 1C). 

Because the in silico analysis demonstrated a putative NLS site in the C-terminal re-

gion of the RIRG190 protein (Figure S2A) [52], we investigated whether the effector local-

izes in plant nuclei by transiently overexpressing RIRG190-GFP in Nicotiana benthamiana 

(tobacco) leaves. Fluorescence was detected both in the cytosol and in the nucleus, with a 

strong GFP signal in nucleolar-like structures in RIRG190-GFP-overexpressing cells that 

was absent in the nucleus of cells overexpressing GFP (Figure 1D). Western blot analysis 

confirmed the integrity of the fusion protein in the raw protein extract from infiltrated 

tobacco leaves (Figure S2C). 

Additionally, we investigated whether homologous RIRG190 effector-like proteins 

were present in other organisms, as described by Wang et al. [41] based on sequence sim-

ilarity. Interestingly, RIRG190-like effectors were only found in AMF species, including 

Rhizophagus sp., Funneliformis sp., Gigaspora sp., as well as Cetraspora pellucida and Am-

bispora gerdemannii, suggesting their involvement in AM-dependent processes (Figure 

S2D). However, it was shown that certain structurally similar effector families are con-

served across unrelated microbes, even when their sequences are not closely related [58–

60]. Therefore, a structural similarity search was performed using Foldseek in AlphaFold, 

revealing multiple structurally similar SCP/CAP domain-containing proteins with low se-

quence identity in both bacterial and fungal species (Figure S2E). 

Taken together, RIRG190 fulfills all the necessary criteria to be considered as a poten-

tially secreted and nuclear-localized effector conserved among AMF. 
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2.2. Ectopic RIRG190 Expression Impacts the Morphology of Arbusculated Cells 

To gain insights into the role of RIRG190 in AM symbiosis, tomato composite plants 

ectopically overexpressing RIRG190-GFP were generated. The expression of the correct 

fusion protein was confirmed by Western blot (Figure S3B) and RT-qPCR (Figure S3C). 

Confocal microscopy showed that RIRG190-GFP was also localized in the cytosol and nu-

cleus of mycorrhized tomato root cells, especially in nucleolar-like structures (Figure 

S3A). 

Next, mycorrhization levels were quantified at 4 wpi following the Trouvelot method 

[61]. A significant increase in relative arbuscule abundance (a%) and mycorrhization in-

tensity (m%) in the analyzed root fragments was observed in RIRG190-GFP tomato roots 

when compared to the GFP plants (Figure 2A), while no significant differences could be 

detected for the mycorrhization frequency and intensity, or the arbuscule abundance in 

the whole root system (Figure 2A, F%, M% and A%, respectively). Also, higher transcript 

levels of SlPT4 were detected when compared to mycorrhized GFP control plants (Figure 

2B). Furthermore, ink-colored RIRG190-GFP arbusculated cells looked smaller and 

square-shaped, and clustered more closely together compared to those of GFP control 

plants (Figure S3D). To gain more insights into the size of arbuscule-containing cells, a 

morphological analysis was conducted on wheat germ agglutinin (WGA)-fluorescent-

stained arbuscules as described by Voß et al. [39]. Arbusculated cells overexpressing 

RIRG190-GFP displayed a significant decrease in length compared to those of GFP control 

plants (Figure 2C,D), while the width of arbuscule-containing cells was significantly in-

creased (Figure 2C,D). 

To conclude, ectopic RIRG190-GFP expression positively affects symbiosis and influ-

ences the architecture of arbuscule-containing cortical cells. 

 

Figure 2. RIRG190 affects the morphology of cells containing arbuscules and increases mycorrhiza-

tion. (A) Mycorrhization levels of tomato composite roots expressing GFP or RIRG190-GFP at 4 wpi 

according to the Trouvelot method. F%, mycorrhization frequency in the root; M%, mycorrhization 

intensity in the root; m%, mycorrhization intensity in mycorrhizal parts of the root fragments; a%, 

arbuscule abundance in mycorrhizal parts of the root fragments; A%, arbuscule abundance in the 

root. Values are means of three independent biological repeats with their SEM (n = 12; *, p < 0.05; 
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Two-way ANOVA followed by multiple comparisons, α < 0.05). (B) Gene expression levels of to-

mato SlPT4 in mycorrhized root cells expressing GFP or RIRG190-GFP. Tomato gene normalization 

was conducted using SlEF1α and SlGAPDH and relatively compared to mycorrhized GFP control 

roots at 4 wpi. Data are means ± SEM of three independent biological repeats (n = 9–12; **, p < 0.005; 

Student’s t-test). (C) Wheat germ agglutinin (WGA)-stained arbuscule-containing regions of tomato 

roots expressing GFP or RIRG190-GFP. The white lines indicate the arbuscule width and length of 

the arbuscule-containing cells. Bars, 50 µM. (D) Quantification of length and width of WGA-stained 

arbuscules in mycorrhized tomato root cells expressing GFP or RIRG190-GFP. Data are means of 

80–81 individual quantifications with their SEM (****, p < 0.0001; One-way ANOVA). 

2.3. RIRG190 May Play a Role in Promoting Cortical Cell Division in Arabidopsis 

The ectopic expression of RIRG190 impacts the morphology of arbuscule-containing 

cortical cells in tomato, suggesting its possible implication in cell patterning-related pro-

cesses such as cell division. Composite plants display chimeric gene expression, challeng-

ing the identification of subtle plant phenotypical traits. To decipher this influence on cor-

tical cell morphology and whether it is conserved in distantly related plants unable to 

engage in AM symbiosis, two Arabidopsis homozygous transgenic lines overexpressing 

RIRG190-GFP (RIRG190-GFP.1 and RIRG190-GFP.2) were generated. After confirming the 

predominantly nuclear localization of RIRG190-GFP in these roots (Figure 3A), the gene 

overexpression levels and the protein fusion integrity (Figure S4A,B), the primary root 

length was analyzed at 14 days (Figure 3B). The root length was significantly increased in 

both lines when compared to Colombia-0 (Col-0) WT plants (Figure 3C), while lateral root 

density was not affected (Figure S4C) [42]. Average root length was 5.53 ± 0.89 in Col-0, 

5.91 ± 0.82 in RIRG190-GFP.1, and 6.44 ± 0.42 in RIRG190-GFP.2. Compared to Col-0, 

RIRG190-GFP.1 exhibited a mean increase of 0.38 (1.07-fold), while RIRG190-GFP.2 

showed a mean increase of 0.91 (1.16-fold). Next, to gain insights into the underlying cel-

lular process responsible for the longer RIRG190-GFP primary roots, the number of corti-

cal cells present in the root apical meristem was determined in six-day-old seedlings (Fig-

ure 3D). Cortical cell number was 30.7 ± 2.0 in Col-0, 32.4 ± 1.5 in RIRG190-GFP.1, and 35.3 

± 1.9 in RIRG190-GFP.2. Compared to Col-0, RIRG190-GFP.1 exhibited a mean increase of 

1.66 (1.05-fold), while RIRG190-GFP.2 showed a mean increase of 4.55 (1.15-fold) (Figure 

3E) [62]. 

Taken together, these results show that the ectopic expression of RIRG190-GFP is ca-

pable of promoting root growth by increasing cell division in the Arabidopsis root apical 

meristem, and that this process does not require the participation of any other fungal mol-

ecule. 
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Figure 3. RIRG190 plays a positive role in primary root length growth by increasing the number of 

meristematic cortical cells in a non-host plant. (A) Representative confocal imaging of an RIRG190-

GFP Arabidopsis transgenic root tip. The fluorescent signal detected in the nucleus is marked with 

a blue arrow (inset), and the cytoplasmic signal is indicated by an orange arrow. Bar, 20 µM. (B) 

Root phenotype of Arabidopsis Col-0 and the two RIRG190-GFP lines at 14 days after stratification 

(DAS). Bar, 1 cm. (C) Primary root length of Arabidopsis Col-0, RIRG190-GFP.1, and RIRG190-GFP.2 

measured at 14 DAS. Values are means of two biological repeats (n = 32–66; *, p < 0.05; ****, p < 0.0001; 

One-way ANOVA). (D) Confocal laser-scanning microscopy pictures of 6-day-old Arabidopsis root 

tips of Col-0, RIRG190-GFP.1, and RIRG190-GFP.2 incubated with 1% propidium iodide. Green ar-

rowheads indicate the end of the quiescent center, white arrowheads mark the first elongated corti-

cal cell of the root differentiation zone. Bar, 50 µM. (E) Number of meristematic cortical cells in the 

root apical meristem of Arabidopsis Col-0 and the two RIRG190-GFP lines at 6 DAS. Values are 

means of three independent biological repeats (n = 19; *, p < 0.05; ****, p < 0.0001; One-way ANOVA). 

2.4. The RIRG190 Effector Interacts with the Tomato Protein SAS10 in the Plant Nucleus 

We hypothesized that, similarly to other microbial effector molecules, RIRG190 

might interact with a plant protein to exert its function [30,63,64]. Therefore, to identify a 

possible RIRG190 plant target, a yeast two-hybrid (Y2H) screening was performed against 

a tomato root cDNA library using RIRG190 as bait. Only four candidates were identified 

https://doi.org/10.3390/ijms262412178
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(Dataset S1A). Y2H pairwise verifications confirmed only two interacting tomato proteins, 

SlSAS10 (Solyc11g072390) and SlUNK (Solyc07g045450; Figure 4A). Because SlSAS10 has 

two isoforms, a Y2H screening was independently conducted using the additional 

SlSAS10 isoform (Solyc11g072320) as prey, demonstrating that RIRG190 specifically inter-

acts with SlSAS10 (Solyc11g072390) (Figure 4A). 

 

Figure 4. RIRG190 strongly interacts with SlSAS10 in the plant nucleus. (A) Binary Y2H assays be-

tween RIRG190 and SlSAS10 and SlUNK proteins on selective medium, and the tomato SlSAS10 

isoform (SlSAS10iso). As a negative control, the tomato baits were cotransformed with the empty 

PGBKT7 vector (BD/+). Transformed PJ-69α cells were diluted and grown on SD/-LT control me-

dium and SD/-LTH selective medium with or without 5 mM of 3-AT for 3 days at 30 °C. (B) Confocal 

laser-scanning microscopy images of N-terminal CFP-SlSAS10 and CFP-SlUNK and C-terminal 

RIRG190-GFP fusions in tobacco leaf epidermal cells. CFP fluorescent signals of the SlUNK fusion 

protein were detected in the cytoplasm and nuclei; those of the CFP-SlSAS10 fusion were restricted 

to nuclear foci (insets). Merged fluorescent GFP-CFP signals indicate nuclear colocalization of both 

tomato proteins with the RIRG190 effector. Bars, 10 µM. (C) rBiFC assay of RIRG190 and SlSAS10 

N-terminal split YFP fusions. AtSKP1-AtMAX2 protein pair was used as a positive control, 

RIRG190-SlUNK and RIRG190-Sl296 protein fusion pairs were used as negative controls. The RFP 

fluorescent signal corresponds to the constitutively expressed control cassette (middle pictures). 

Bottom pictures show the overlay between YFP/RFP fluorescence. Three independent experiments 

were conducted, and a total of 18–26 cells were analyzed. Bars, 10 µM. (D) YFP/RFP relative fluo-

rescent intensity analysis of the rBiFC protein pairs AtSKP1-AtMAX2 (positive control), RIRG190-

SlSAS10, RIRG190-SlUNK, and RIRG190/Sl296. Data are shown as means of three biological 
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replicates ± SEM (n = 18–26; ***, p < 0.0001; Two-way ANOVA analysis followed by multiple com-

parison (α < 0.05)). 

Next, an in silico study was conducted using InterProScan to identify specific protein 

domains in the two interacting proteins. While no features were detected in the SlUNK 

protein, two NLS sites as well as two functionally characterized SAS10/Utp3/C1D protein 

domains were identified in the SlSAS10 protein sequence (Figure S5A). The 

SAS10/Utp3/C1D domain is described to act as a scaffold domain, providing support for 

proteins interacting with ribonucleic acids to modulate chromatin silencing, rRNA pro-

cessing, RNA surveillance, and DNA repair [65–70]. Hence, altogether, SlSAS10 might lo-

calize in the plant nucleus, where it could be exerting a key role in several essential mo-

lecular pathways required for the establishment of AM. 

As the data demonstrated that RIRG190 predominantly localizes in the plant nucleus, 

we expected SlSAS10 and SlUNK to localize in the same subcellular compartment. There-

fore, both N-terminally cyan fluorescent protein (CFP) fusions were transiently overex-

pressed in tobacco leaves. Fluorescent signals from SlUNK accumulated in the cytoplasm 

and were weakly visible in the plant nucleus (Figure S5B). In contrast, SlSAS10 fluores-

cence was restricted to one or two nuclear condensates, possibly corresponding to the nu-

cleolus (Figure S5B). Merging the confocal images of RIRG190-GFP with those of SlSAS10-

CFP and SlUNK-CFP confirmed their common nuclear localization (Figure 4B). 

To detect whether and where RIRG190 interacts with both tomato proteins, a rati-

ometric bimolecular fluorescence complementation (rBiFC) assay was performed in to-

bacco leaves. This technique not only allows the detection of the interaction after yellow 

fluorescent protein (YFP) reconstitution, but it also guarantees an equal gene dosage and 

facilitates the ratiometric quantification between fluorescence ratios from different protein 

pairs, thanks to the constitutively expressed red fluorescent protein (RFP) cassette [71]. As 

a positive control, the Arabidopsis nuclear-localized AtSKP1 and AtMAX2 proteins were 

N-terminally fused to their corresponding YFP halves [72]. As a negative control, the in-

teraction of RIRG190 was tested with Sl296, a tomato protein that was previously demon-

strated by rBiFC to strongly interact in the nucleolus with the nuclear effector GLOIN707 

[42,72]. No interaction was detected for the RIRG190-SlUNK and RIRG190-Sl296 combi-

nations, whereas a reconstituted YFP was visualized for the AtSKP1-AtMAX2 positive 

control and the RIRG190-SlSAS10 pair (Figures 4C and S5C). Additionally, nuclear 

YFP/RFP relative fluorescent intensity ratios were significantly different between the pos-

itive control and the RIRG190-SlSAS10 combination with the RIRG190-SlUNK and 

RIRG190-Sl296 combinations (Figure 4D), confirming the specific in vivo physical associ-

ation of RIRG190-SlSAS10 (Figure 4C). To further test the specificity of SlSAS10 with the 

RIRG190 effector, its interaction was tested with GLOIN707, a previously published R. 

irregularis effector suggested to also act in the nucleolus, via Y2H and rBIFC analysis [42]. 

No growth was observed on SD-LTH for this interaction (Figure S6A), and YFP was not 

reassembled for the GLOIN707-SlSAS10 and GLOIN707-SlUNK combinations (Figure 

S6B,C). Thus, we can conclude that the nuclear proteins RIRG190 and SlSAS10 interact in 

planta. 

2.5. Mis-Regulation of SlSAS10 Expression Causes Impaired Mycorrhization 

To understand the potential role of SlSAS10 in arbuscular mycorrhization, the 

SlSAS10 gene expression levels were analyzed in mycorrhized tomato SlPT4:GFP root ma-

terial, as previously described [42,53,54]. SlSAS10 transcripts were not changed at 2 wpi 

and significantly downregulated at 4 wpi in both arbuscule-enriched and non-enriched 

regions compared to the mock sample (Figure S7A). 
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To decipher the precise tissue in which SlSAS10 was transcriptionally active, we in-

vestigated the β-glucuronidase (GUS) enzymatic activity in tomato composite plants 

transformed with the SlSAS10p:GUS construct at 4 wpi. In non-inoculated roots, the GUS 

signal was observed in the root vasculature (Figure S7B) and in the root apical meristem 

(Figure S7C). Also in 35S:GUS lines, we observed a GUS signal in root vasculature and 

root apical meristem, while in empty vector-transformed roots, no GUS signal was de-

tected (Figure S7G). In the presence of Rhizophagus, GUS activity was seen in specific cells, 

some of which displayed higher GUS expression than others (Figure S7D). To determine 

whether those GUS-enriched cells might host fungal structures, we conducted a WGA 

fluorescent costaining that confirmed the overlay between cortical cells containing a 

strong GUS signal (Figure S7E) and WGA-stained arbuscules (Figure S7F). 

To further reveal whether and in which phase SlSAS10 could play a role in AM sym-

biosis, we assessed the effect of SlSAS10 knockdown in mycorrhized composite plants. As 

a control, tomato plants carrying the empty hairpin vector (RNAi EV) were used. After 

verification of the decreased transcriptional levels of SlSAS10 in the RNAi composite 

plants (Figure 5A), we conducted an ink root staining (Figure 5B,C) followed by a Trou-

velot scoring that evidenced a significant decrease in arbuscule abundance within the root 

fragments (a%) in SlSAS10 RNAi compared to the EV control roots, while no changes in 

other parameters were observed (Figure 5D). Hence, partial downregulation of SlSAS10 

negatively affects arbuscule formation in cortical cells. 

 

Figure 5. SlSAS10 and RIRG190 participate in the arbuscular phase of AM symbiosis. (A,E) SlSAS10 

transcript levels in SlSAS10 RNAi roots (A) and in GFP-SlSAS10 4-week-old mycorrhized composite 

plants (E), with their respective EV and GFP controls. Values were normalized using SlEF1α and 

SlGAPDH housekeeping genes and relatively compared to inoculated control roots. Data are shown 

as means of two and three biological replicates ± SEM (n = 4–6; *, p < 0.05; Student’s t-test), respec-

tively. (B,C) Ink-colored root sections of mycorrhized tomato plants expressing the RNAi empty 

vector (EV) (B) or the SlSAS10 RNAi vector (C). Bars, 50 µM. (D,H) Trouvelot AM quantification of 

tomato SlSAS10 RNAi roots (D) and GFP-SlSAS10 roots (H), with their respective EV and GFP con-

trols at 4 wpi. Data are shown as means of two biological replicates ± SEM (n = 4–6; **, p < 0.005; 

Two-way ANOVA followed by multiple comparison (α < 0.05)) and three biological replicates ± 

SEM (n = 12; *, p < 0.05; ***, p < 0.001; Two-way ANOVA followed by multiple comparison (α < 0.05)), 

respectively. (F,G) WGA-stained arbuscule-containing regions of tomato roots expressing GFP (F) 

or GFP-SlSAS10 (G). Bars, 100 µM. 

We then hypothesized that overexpression of SlSAS10 might lead to a gain of func-

tion in mycorrhization performance. To test this hypothesis, tomato composite plants ex-

pressing 35Sp:GFP or 35Sp:GFP-SlSAS10 were subjected to mycorrhization for 4 weeks. 
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After confirming the upregulation of SlSAS10 transcript levels in the studied roots (Figure 

5E), WGA-stained transgenic roots (Figure 5F,G) were scored in agreement with the Trou-

velot method [61]. Contrary to our expectations, GFP-SlSAS10 overexpression led to a sig-

nificant reduction in arbuscule abundance (a%) and mycorrhization frequency (F%) when 

compared with mycorrhized GFP control roots (Figure 5H). 

As a result, we can conclude that SlSAS10 expression needs to be tightly controlled 

to guarantee appropriate arbuscule establishment and development in tomato roots. 

2.6. RIR190 Forms a Protein Complex with Known SAS10 Protein Complex Components in 

Tomato and Arabidopsis 

Because of the observed effect of RIRG190 expression in Arabidopsis, we tested 

whether the RIRG190–SAS10 nuclear association is conserved in Arabidopsis. In Ara-

bidopsis, SAS10 plays a role in ribosome biogenesis by influencing rRNA expression and 

processing through its association with the SSU processome core component M-phase 

phosphoprotein 10 (MPP10), and with the histone chaperone nucleolin 1 (NUC1) 

[68,70,73]. Hence, the binary interaction of the AtSAS10 with RIRG190 was examined by 

means of Y2H. AtSAS10 did not show autoactivation, and a positive interaction was ob-

served between RIRG190 and AtSAS10 (Figure 6A). Next, in tomato, the data confirmed 

the interaction between SlSAS10 and its SlMPP10 homolog, but RIRG190 did not directly 

interact with MPP10 (Figure 6B). To determine whether RIRG190 and MPP10 might be 

part of the same protein complex through the association with SAS10, a yeast three-hybrid 

(Y3H) assay was performed. Strong protein interaction between RIRG190 and SlMPP10 

was only detected in the presence of SlSAS10, and this trimeric interaction was also 

weakly observed for Arabidopsis (Figure 6C). Hence, RIRG190 might interact with the 

SAS10/MPP10 complex in tomato and to some extent in Arabidopsis. 

As we unraveled the ability of RIRG190 and SAS10 to form a protein complex in yeast 

with a known SAS10 interactor, we investigated whether RIRG190 can form similar pro-

tein complexes in planta. To test this, we conducted a GFP immunoprecipitation in 14-

day-old roots of RIRG190-GFP Arabidopsis homozygous lines (Figure 6D). As a control 

for off-target identification, Arabidopsis GFP roots were used. MaxQuant protein files 

from transgenic roots were analyzed in the Perseus software, and the Pearson correlation 

quality control ranged from 0.85 to 0.96, indicating good reproducibility among samples 

(Figure S8A). A total of 19 Arabidopsis proteins were significantly more enriched in 

RIRG190-GFP roots compared to GFP (FDR 0.05/S0 = 0.1) (Dataset S1B). Out of these 19 

Arabidopsis candidates, more than half of the proteins were related to translation (cfr. 

ribosomal proteins), and, interestingly, the known AtSAS10 nuclear interactor AtNUC1, 

which participates in chromatin regulation of rDNA variants located in nucleolar organ-

izer regions [70], was found. Although the GO analysis of RIRG190-associated proteins 

did not show any significant enrichment, Cytoscape visualization of the RIRG190-inter-

acting network pointed out the clustering of proteins taking part in RNA splicing, rRNA 

processing, translation, DNA-dependent transcription regulation, vesicle trafficking, and 

nuclear transport (Figure S8B). 

Altogether, these results demonstrate that RIRG190 might be taking part in similar 

processes as the ones described for SAS10 proteins, such as rRNA processing, ribosome 

biogenesis, and chromatin remodeling. 
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Figure 6. RIRG190-SAS10 interplay is conserved in the non-AM host Arabidopsis. (A) Y2H assay 

between RIRG190 and the Arabidopsis AtSAS10. SAS10 prey proteins were cotransformed with the 

empty PGBKT7 bait vector or the RIRG190 bait. Transformed PJ-69α yeast cells were diluted and 

grown in SD/-LT control medium and SD/-LTH selective medium for 3 days at 30 °C. (B) Y2H assay 

between SAS10 and MPP10 in Arabidopsis and tomato, and between RIRG190 and all the MPP10 

proteins from both plant species. Homologous protein prey were cotransformed with the empty 

PGBKT7 bait vector. Transformed yeasts were diluted and grown in SD/-LT control medium and 

SD/-LTH selective medium for 3 days at 30 °C. (C) Y3H between RIRG190/SAS10/MPP10 protein 

complex. Upper panel, no SAS10 co-transformation. Lower panel, SlSAS10 was co-transformed. 

Transformed yeasts were diluted and grown in SD/-LTH control medium and in SD/-LTHU selec-

tive medium for 3 days at 30 °C. (D) Volcano plots showing the distribution of all quantified proteins 
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after filtering in Arabidopsis GFP immunoprecipitation experiments. Samples are represented after 

conducting a Student’s t-test based on label-free quantification (LFQ) values, with their correspond-

ing protein abundance ratios (GFP/RIRG190). The cutoff curve indicates proteins that are signifi-

cantly more associated with free GFP (left) and RIRG190 (right) in accordance with their FDR (FDR 

= 0.01/0.05, S0 = 0.1). (E) Primary root length of Arabidopsis Col-0 WT and thal−/+ heterozygous 

mutants. Root systems were measured 14 days after sowing. Values are means of four biological 

repeats (n = 55–69; ****, p < 0.0001; One-way ANOVA followed by multiple comparison (α < 0.05)). 

(F) Meristem cell number of Arabidopsis Col-0 WT and thal−/+ mutant roots six days after sowing. 

The number of cortical cells between the quiescent center and the first elongated cell was counted. 

To increase the accuracy of the data, we individually counted the right and left side rows of cortical 

cells in the root meristem to obtain an average value per analyzed root. Data are means ± SEM of 19 

average values (****, p < 0.0001; One-way ANOVA followed by multiple comparison (α < 0.05)). (G) 

Confocal laser-scanning microscopy pictures of Arabidopsis root tips incubated with 1% propidium 

iodide six days after sowing. Bar, 50 µM. Green arrowheads indicate the end of the quiescent center, 

and white arrowheads mark the first elongated cell. 

2.7. RIRG190 and SlSAS10 Might Control Cell Division and Endoreduplication 

AtSAS10 mutants have been previously reported to exhibit abnormalities in embryo 

cell patterning due to an unbalanced rRNA processing and expression [70]. Available sin-

gle-cell transcriptomic data in Arabidopsis roots further indicate a main expression of 

AtSAS10/THAL in initial stem cells as well as in dividing cells of Arabidopsis roots, sug-

gesting a putative role in rRNA biogenesis to facilitate cell cycle-related processes [74]. 

Because cell cycle and rRNA biogenesis are conserved events required to support cell ac-

tivity, we studied the role of AtSAS10 in cortical cell division by studying the root growth 

of two independent atsas10/thal heterozygous mutant lines (thal-1/+, SALK_016916.20.75; 

thal-2/+, SALK_036872.54.10), as atsas10/thal homozygous mutants are embryo lethal [70]. 

After confirming the significant downregulation of AtSAS10/THAL in both thal−/+ mutant 

lines by RT-qPCR analysis (Figure S9), we quantified the root length of 14-day-old thal−/+ 

mutants. Average root lenghts were 5.28 ± 1.10 in Col-0, 6.49 ± 0.85 in thal-1/+, and 6.28 ± 

0.90 in thal-2/+. Compared to Col-0, thal-1/+ exhibited a mean increase of 1.21 (1.23-fold), 

while thal-2/+ showed a mean increase of 1.00 (1.19-fold) (Figure 6E). Meristematic cortical 

cell analysis (Figure 6G) revealed that the partial absence of AtSAS10 phenocopied the 

overexpression of RIRG190 in roots (Figure 3D,E), also displaying a significantly increased 

number of meristematic cortical cells in the root apical meristem (Figure 6F). Average cor-

tical cell number was 30.7 ± 2.0 in Col-0, 38.3 ± 2.5 in thal1/+, and 36.3 ± 1.8 in thal2/+. 

Compared to Col-0, thal1/+ exhibited a mean increase of 7.63 (1.25-fold), while thal2/+ 

showed a mean increase of 5.61 (1.18-fold). 

Mycorrhizal roots display a mixed population of cortical cells during AM symbiosis 

[7]. These include smaller ‘split cells’ formed prior to arbuscule accommodation by acti-

vation of mitosis, as well as larger arbusculated and neighboring cells undergoing en-

doreduplication [7,15]. Based on the collected data described above, we hypothesized that 

RIRG190 might influence SAS10 activity to boost the metabolism, e.g., to activate the cor-

tical cells to promote fungal infection. Thus, we conducted a ploidy analysis in 4-week-

old non-mycorrhized tomato RIRG190-GFP, GFP-SAS10, and GFP roots and investigated 

the endoreplication index. Indeed, the tomato roots overexpressing RIRG190-GFP and 

GFP-SlSAS10 fluorescent fusions displayed a significantly higher proportion of polyploid 

cells compared to GFP control roots (Figure S10). 

These data could indicate that AtSAS10 might be involved in the establishment of a 

set of metabolically active cortical cells that enable colonization. 
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3. Discussion 

Here, we combined protein interactomic, transcriptomic, and reverse genetic ap-

proaches to shed light onto the molecular mechanisms by which the secreted nuclear-lo-

calized effector RIRG190 impacts AM symbiosis (Figure S11). AMF genomes have been 

described to contain hundreds of genes that encode effector proteins, which are expected 

to play an important role in the communication between the macro- and microsymbiont 

during AM symbiosis [32,34,75,76]. This symbiosis is maintained through the sustained 

formation of differentiated fungal structures hosted inside root cortical cells, the ar-

buscules, in which nutrients, but potentially also effector proteins, are delivered [41,77]. 

RIRG190 has been annotated as a putative SCP-like extracellular protein of the PR1-like 

family and is highly expressed in the extraradical mycelium of R. irregularis during its 

interaction with M. truncatula, but lower transcript levels have also been observed in ar-

busculated root cells [34]. In this study, the data demonstrate that RIRG190 can be secreted 

based on its SP and predominantly localizes in the nucleus when expressed in planta, 

while most SCP/CAP domain proteins have been characterized as functioning in the plant 

apoplast [58–60]. This observation is rather surprising and further investigation using a 

secreted variant of the RIR190 effector, coupled with functional analysis of its role during 

symbiosis, could help determine whether it also serves an extracellular function. 

Nevertheless, we found a clear nuclear localization inside the nucleus of both Ara-

bidopsis roots, tomato roots, and tobacco leaves, and strong interaction with nuclear pro-

teins in both the Y2H screen and GFP immunoprecipitation, strongly suggesting a role for 

RIRG190 in the plant nucleus. NLS deletion variants of RIRG190 can aid in determining 

whether RIRG190 translocation to the nucleus is canonically mediated by the α-importin 

system and results in the observed phenotypes, or if, in contrast, the small molecular 

weight of the effector facilitates passive diffusion through the nuclear pore. In addition, 

the expression of RIRG190-GFP in the rice hemibiotrophic fungus Magnaporthe oryzae or 

the tomato filamentous fungus Fusarium solani strain K could serve as an alternative ap-

proach to validate the in vivo functional secretion, translocation, and nuclear compart-

mentalization of the RIRG190 effector [37]. 

The precise timing of the secretion of this effector during the establishment of the 

symbiosis remains elusive and is difficult to assess due to the absence of valid approaches 

to genetically modify AMF [36]. Yet, the implementation of immunohistochemistry, pro-

teomics, and spatial or single-cell RNA-Sequencing in mycorrhized tomato roots could 

uncover the precise spatial and temporal localization of the endogenous RIRG190 effector 

protein or transcript, respectively. Nevertheless, detailed transcriptional analysis of 

SlPT4p:GFP root material confirmed its expression in arbusculated and in arbuscule-de-

prived tomato root segments, indicating that the effector might be secreted from symbiotic 

and pre-symbiotic fungal structures. 

We identified the nuclear protein SlSAS10 as an RIRG190 interactor. SAS10 proteins 

are conserved eukaryotic proteins that have been described to participate in rRNA pro-

cessing, ribosomal biogenesis, rDNA chromatin condensation, nucleolar architecture, and 

gene silencing among different kingdoms [68–70]. rRNA processing is an event occurring 

within the nucleolus of cells. In agreement, SlSAS10 as well as RIRG190 were detected 

inside nuclear substructures resembling nucleoli when expressed in N. benthamiana leaves 

and tomato roots. 

A role for SAS10 proteins in ribosome biogenesis by influencing rRNA expression 

and processing was proposed through their association with MPP10 and NUC1 [68,70,73]. 

SAS10 has also been shown to condition the nucleolar localization of MPP10 and other 

associated proteins in zebrafish, indicating its ability to mobilize other proteins into the 

nucleus [68]. We could confirm that the tomato and Arabidopsis SAS10 homologs could 

interact with MMP10, further providing evidence that the function of SAS10 is conserved 
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in the animal and plant kingdoms. Additionally, the Y3H assay demonstrated that the 

effector RIRG190 can form a complex with MMP10 through SAS10 in the investigated 

plant species. What is more, NUC1, the known AtSAS10 interactor known to participate 

in pre-rRNA processing and nucleolar organization, was identified among the enriched 

proteins in the Arabidopsis RIRG190-GFP immunoprecipitated fraction [78,79]. Alto-

gether, these data provide strong evidence that Rhizophagus secretes RIRG190 to impact 

rRNA biogenesis through binding with the SAS10–MMP10 complex. Overexpression of 

RIRG190 or partial silencing of AtSAS10 led to an increased meristematic cortical cell num-

ber in Arabidopsis roots. These changes in cell patterning have also been observed in Ar-

abidopsis thal−/+ embryos, suggesting that AtSAS10 might be negatively influencing cell 

division [70]. However, additional experiments, such as coimmunoprecipitation, are nec-

essary to further confirm the interaction between RIRG190 and AtSAS10 and to validate 

the role of the RIRG190–SAS10–MPP10 complex in regulating ribosome biogenesis during 

the AM symbiosis. 

Although alteration of the cell cycle is widely observed in plant hosts engaging in 

microbe interactions, the detailed molecular mechanisms and functional implications of 

this activity remain to be identified [80–84]. Some cells can re-replicate their DNA without 

the subsequent cell division, resulting in increased ploidy levels to boost the metabolism 

[85–87]. Both ectopic cell cycle activation coupled with cytokinesis prior to arbuscule ac-

commodation, as well as somatic polyploidization of cortical cells in mycorrhized tissues, 

have been described [7,15,16]. In this work, the data shows that both tomato roots overex-

pressing SlSAS10 and those that ectopically express RIRG190 have higher endoreplication 

levels. Additionally, mutation in AtSAS10 as well as RIR190 overexpression, stimulated 

root cell divisions in Arabidopsis. Interestingly, RIRG190 overexpression resulted in 

higher m% and a%, while overall colonization frequency (F%), intensity (M%), and global 

arbuscule abundance (A%) remained unaffected, suggesting that colonized cortical frag-

ments were more densely filled with fungal structures and contained a greater proportion 

of arbuscules; consistent with this, PT4 expression was elevated, indicating that these 

denser colonization events are functionally active and that RIRG190 enhances the local 

intensity of AM symbiosis without altering its overall frequency. On the contrary, roots in 

which SlSAS10 levels were decreased or increased, displayed severe defects in arbuscule 

establishment and fungal colonization, underscoring the requirement for finely tuned 

SAS10 activity in AM symbiosis. 

In Arabidopsis, AtSAS10 gene expression is high in dividing and in initial root cell 

lineages that act as ‘stem cell’ reservoirs to maintain the root apical meristem architecture 

[74]. Additionally, tomato SlSAS10 promoter activity in the absence of the fungus was 

detected in highly dividing cell tissues with a redirection to arbusculated cells during my-

corrhization, which are hallmarked by endoreduplication traits [15]. Therefore, it is tempt-

ing to speculate that a specific spatio-temporal SlSAS10 expression is necessary in cortical 

cells to confer dividing capacities to differentiated cortical cells during AM symbiosis. We 

therefore propose that SAS10, through its role in ribosome biogenesis, maintains the trans-

lational capacity required for cortical cell proliferation. By modulating SAS10 activity, 

RIRG190 may ensure sufficient protein synthesis to sustain the cellular remodeling asso-

ciated with AMF colonization in tomato, while in Arabidopsis the same increase in ribo-

some biogenesis supports elevated cell division, resulting in longer roots even in the ab-

sence of symbiosis. This suggests a conserved mechanism in which RIRG190–SAS10 in-

teraction couples ribosome biogenesis to both root architectural changes and symbiotic 

cortical cell differentiation. In the future, the generation of stable tomato lines in which 

SlSAS10 is knocked out by CRISPR editing or RIRG190-GFP or SlSAS10-GFP are ectopi-

cally expressed, could validate the observed phenotypes. 
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Our findings provide additional evidence that, beyond immunity-related mecha-

nisms exemplified by effectors such as SP7, which modulates host immunity through in-

teraction with ERF19 or RiNLE1, which targets histone H2B to suppress defense re-

sponses, RIR190 acts through a distinct mechanism. RIRG190 complements the known 

effector repertoire by linking effector activity to fundamental cellular processes that sus-

tain the root cortical cell physiology for arbuscule accommodation, thereby diverging 

from immunity-focused effectors and broadening our understanding of how AMF effec-

tors can reprogram host physiology to orchestrate the symbiosis. Endoreduplication is 

often observed in metabolically active cells requiring high levels of ribosomes for protein 

synthesis. During the establishment of AM, cortical cells need to be reactivated to accom-

modate the fungus. Additionally, arbuscule-containing cells are the engines of the symbi-

osis, necessitating massive protein activity to control the nutrient exchange and fungal 

accommodation. How RIRG190 exactly impacts SAS10 function, ultimately leading to 

possible changes in rRNA biogenesis and changes in the cell cycle, is an intriguing subject 

to be tackled in the future. 

4. Materials and Methods 

4.1. Plant and Fungal Material and Growth Conditions 

4.1.1. Tomato 

For the generation of composite plants, tomato cv MoneyMaker seeds were surface-

sterilized by soaking in 2.35% w/v sodium hypochlorite for 10 min, followed by three con-

secutive washes with sterile water. Tomato sterile seeds were placed in Petri dishes con-

taining wet sterile cotton disks and grown at 24 °C in dark conditions for three days, after 

which they were transformed with the desired plasmids via Agrobacterium rhizogenes 

[88,89]. After 4 weeks, composite plants were transferred to 1.5 L round pots containing 

autoclaved sterilized sand:vermiculite mixture (1:1 v/v) with or without approximately 

250 spores of Rhizophagus (SYMPLANTA GmbH & Co. KG, Darmstadt, Germany). To-

mato plants were grown at 24 °C under long-day conditions (16 h/8 h photoperiod). To 

promote mycorrhization, inoculated and non-inoculated plants were supplied every 3.5 

days with 30 mL of Hewitt solution containing 25% (325 µM) of the standard phosphorus 

concentration [90]. 

4.1.2. Arabidopsis 

Homozygous seeds of Arabidopsis RIRG190-GFP (RIRG190-GFP.1 and RIRG190-

GFP.2) stable overexpression lines were produced in this work following the floral dip 

method [91]. Heterozygous atsas10/thal, thal-1/+ (SALK_016916.20.75) and thal-2/+ 

(SALK_036872.54.10) mutants were obtained from the Nottingham Arabidopsis Stock 

Centre (NASC). The two single-loci Arabidopsis GFP-THAL overexpression lines were 

kindly donated by Dr. Guang-Yuh Jauh (Institute of Plant and Microbial Biology, Aca-

demia Sinica, Taipei, Taiwan) [70]. Arabidopsis seeds were surface-sterilized using chlo-

rine gas and stratified for 48 h at 4 °C in dark conditions. Seeds were sown and vertically 

grown on ½ MS agar plates (2.15 g/L MS, 0.5 g/L MES, 10 g/L sucrose, 0.1 g/L myo-Inositol, 

10 g/L plant tissue culture agar, 1 L of distilled water; pH 5.7) at 21 °C under 16 h/8 h light 

conditions. Three-week-old tobacco plants were grown at 23 °C and 60% relative humid-

ity in the greenhouse with a 10 h/14 h photoperiod. 

4.2. Bacterial Strains and Culture Conditions 

For plasmid production, Escherichia coli DH5α strain were transformed using heat 

shock and cultured in Luria–Bertani Broth (LB) medium (10 g/L tryptone, 5 g/L of yeast 

extract, 10 g/L of sodium chloride, 1 L of distilled water; pH 7.0) supplemented with the 
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corresponding antibiotics. Plasmids were introduced through electroporation in Agrobac-

terium tumefaciens C58C1, A. rhizogenes ArquaI or A. rhizogenes ATCC15834. Agrobacterium 

strains were kept as glycerol stock and grown freshly before use at 28 °C on plates with 

Yeast Extract Beef (YEB) agar medium (5 g/L Beef extract, 5 g/L peptone, 5 g/L sucrose, 1 

g/L yeast extract, 0.3 g/L magnesium sulfate, 10 g/L select agar, 1 L of distilled water; pH 

5.7) or in liquid YEB cultures lacking agar supplemented with the corresponding antibi-

otic. To create a bacterial culture, strains were grown overnight in liquid YEB medium 

containing the specific antibiotic at 28 °C under shaking conditions. Cultures were centri-

fuged at 2500 rcf for 10 min and the bacterial pellets were resuspended in infiltration 

buffer (9.76 g/L MES, 4.76 g/L magnesium chloride, 0.98 g/L acetosyringone; pH 5.6) and 

diluted to an optical density (OD600) of 1. 

4.3. Fungal Strain 

Plants were treated with approximately 250 spores of Rhizophagus irregularis 

DAOM197198 (SYMPLANTA GmbH & Co. KG, Darmstadt, Germany). 

4.4. Plasmids 

For monitoring the transformation of tomato composite plants, the previously pub-

lished fluorescent screening module was used [42,92]. 

4.4.1. Golden Gate Expression Vectors 

Constructs were produced via Golden Gate cloning technology [92–94]. The SlSAS10 

(Solyc11g072390.1) CDS, the RIRG190 (POG59785.1; U9THM5) CDS lacking the predicted 

SP, and the 1638 nucleotides upstream the START codon of the SlPT4 gene 

(Solyc06g051850.2) corresponding to the SlPT4 promoter region were PCR-amplified us-

ing Q5 High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) from 

mycorrhized tomato root cDNA for CDSs or genomic DNA for promoter isolation. Green 

Gate level 1 modules containing the above-mentioned sequences were generated via Gib-

son assembly, verified by Sanger sequencing, and further assembled via Golden Gate to 

generate the following constructs: 35Sp:RIRG190-GFP, 35Sp:GFP-SlSAS10, 35Sp:GFP, 

SlPT4p:GFP, pFAST 35Sp:RIRG190-GFP, and pFAST 35Sp:GFP [92–94]. 

4.4.2. Reporter Lines 

For the study of SlSAS10 transcriptional activity, the 3 kb upstream region corre-

sponding to the putative SlSAS10 promoter was PCR-amplified from tomato genomic 

DNA and combined into the PGGA Green Gate entry 0 module. The resulting module 

and the modules containing the GUS CDS, the 35S terminator, and a terminal linker were 

assembled into the Golden Gate destination vector PGGPAG to produce the 

SlSAS10p:GUS and 35Sp:GUS vectors. 

4.4.3. Gateway Expression Vectors 

For the generation of constructs used for subcellular localization studies in tobacco, 

the Gateway cloning technology (Invitrogen, Waltham, MA, USA) was preferred. Gene 

CDSs were PCR-amplified from plant cDNA using specific primers, recombined into 

pDONR207, pDONR221 or pDONR221 2in1 and verified by Sanger sequencing. The CDSs 

were further ligated into Gateway binary vectors using the LR clonase (Invitrogen, USA). 

For the generation of the 35Sp:SlSAS10 RNA interference (RNAi) construct, the SlSAS10 

cDNA region between nucleotide 233 and 384 was PCR-amplified, and the purified 151 

bp DNA fragment was further ligated into the pDONR207 vector and subsequently re-

combined into the pK7GWIWG2(II)-RedRoot destination vector via the Gateway 
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technology [95]. As a negative control, the empty pK7GWIWG2(II)- RedRoot vector 

(RNAi EV) was used. 

All cloning primers and gene accessions are listed in Table S1A, and the specific com-

position of all generated vectors can be found in Table S1B. 

4.5. RIRG190 In Silico Analysis and Protein Homology-Based Tree Generation 

The presence of an N-terminal SP in the RIRG190 effector protein sequence was in-

vestigated by the SignalP 6.0 online tool (https://services.healthtech.dtu.dk/ser-

vice.php?SignalP, (accessed on 22 May 2024)), the in silico effector was predicted using 

EffectorP 3.0 (https://effectorp.csiro.au/, (accessed on 22 May 2024)), and the presence of 

an NLS was determined via LOCALIZER (https://localizer.csiro.au/, (accessed on 22 May 

2024)). 

To build a protein homology-based tree, the RIRG190 FL protein sequence was 

blasted against the non-redundant protein database in NCBI. Subsequent homologous ef-

fector-like protein sequences were subjected to the above-mentioned selection criteria and 

selected as described previously [42]. The resulting ten homologous candidate effector 

amino acid sequences were aligned and a pairwise sequence comparison was performed. 

To infer the phylogenetic relationship among the different nuclear-localized effector-like 

candidates, the neighbor-joining was applied as a distance-based reconstruction method 

and clade robustness was achieved using 1000 bootstrap replicates using CLC Workbench 

8.1 software (Qiagen, Aarhus, Germany) [96]. To identify homologous protein domains 

among the different SAS10 proteins investigated in this work, a pairwise sequence com-

parison was also performed. Results from all the RIRG190 effector in silico predictions can 

be found in Table S1C. 

4.6. Total RNA Isolation 

Total mRNA was extracted from ground root tissue using the ReliaPrep™ RNA Min-

iprep System according to manufacturer’s instructions (Madison, WI, USA), and the RNA 

concentrations were measured with an ND-1000 spectrophotometer (Thermo Fisher Sci-

entific Nanodrop, Waltham, MA, USA). For single-stranded cDNA synthesis, 1 µg of total 

RNA was reverse-transcribed using the iScript cDNA synthesis kit as described by the 

manufacturer (Bio-Rad Laboratories N.V., Hercules, CA, USA). Oligonucleotides were re-

trieved from literature or designed with the Primer3plus online tool using the C-terminal 

region of the gene sequences as input (https://www.bioinformatics.nl/cgi-bin/pri-

mer3plus/primer3plus.cgi, (accessed on 22 May 2024)) and target specificity was investi-

gated by Primer-blast tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, (accessed 

on 22 May 2024)). 

4.7. Real-Time Quantitative Reverse Transcription PCR (RT-qPCR) Analysis 

RT-qPCR reactions for a given gene and template were conducted in triplicates on 

384-well plates. For each reaction mixture, a total of 5 µL sample was investigated, con-

taining the Fast SYBR Green Master Mix (Applied Biosystems, Illkirch, France), 10% input 

cDNA, and a final concentration of 0.25 µM for each primer. RT-qPCR reactions were run 

using the Roche Lightcycler 480 system (Roche Diagnostics, Diegem, Belgium) as follows: 

1× preincubation (95 °C for 5 min), 45× amplification (95 °C for 10 s, 60 °C for 10 s and 72 

°C for 10 s), 1× melting curve (95 °C for 5 s and 65 °C to 97 °C for 1 min), and 1× cooling 

down (40 °C for 10 s). Transcript levels were normalized using SlEF1α (Solyc06g009960.1) 

and SlGAPDH (Solyc05g014470.2) housekeeping genes for tomato, AtACTIN 2 

(At3g18780) and AtTUBULIN 2 (At5g62690) for Arabidopsis, and RiEF1α (ABB90955.1) 

for RIRG190 [19,97]. Relative fold changes were calculated according to the delta-delta Ct 
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method (2ΔΔCt) after normalization using the respective housekeeping genes. All RT-qPCR 

primers used in this study can be found in Table S1D. 

4.8. Yeast Secretion Trap (YST) Assay 

The nucleotide sequences encoding the putative RIRG190 effector SP, the CDS lack-

ing the SP (CDS-SP), and the FL effector sequence were PCR-amplified using EcoRI-NotI 

restriction sites. The digested cDNA fragments were further ligated into the pYST1 vector 

to produce an in-frame fusion with the SUCROSE INVERTASE 2 (SUC2) gene lacking its 

endogenous SP [57]. Yeast reporter strain Y02321 (Euroscarf, Scientific Research and De-

velopment GmbH, Oberursel, Germany) was transformed using the standard lithium ac-

etate/single-stranded carrier DNA/polyethylene glycol method. Yeast transformed with 

the empty pYST1 vector (EV) was used as a negative control, while the Medicago CLAV-

ATA3/ESR (CLE)-related protein 13 (MtCLE13) gene fused to SUC2 was used as a positive 

control [88,98,99]. Positively transformed yeast colonies were selected on SD/L plates (26.7 

g/L synthetic-defined medium, 0.69 g/L leucine drop-out (Clontech, Saint-Germain-en-

Laye, France), 2% select agar, 1 L distilled water), and DNA insertion verification was 

performed by PCR amplification. Serial dilutions were dropped on control SD/L agar me-

dium and on sucrose selective agar medium YNB/LS (6.7 g/L yeast N base without amino 

acids, 0.69 g/L drop-out minus leucine (Clontech, France), 2% sucrose, 2% select agar, 1 L 

distilled water). Yeast-containing agar plates were incubated upside down at 30 °C for 3 

days, after which protein secretion was assessed. Primers used for the YST cloning are 

listed in Table S1A. 

4.9. Confocal Microscopy 

The constructs 35Sp:RIRG190-GFP, 35Sp:CFP-SlUNK and 35Sp:CFP-SlSAS10 were 

transiently expressed in tobacco leaf epidermal cells by A. tumefaciens (C58C1 strain)-me-

diated transformation [100] and fluorescent emission was visualized with a Zeiss LSM 710 

inverted confocal microscope (Oberkochen, Germany) under an excitation laser of 488 nm 

or 405 nm for GFP or CFP signal detection, respectively. For subcellular colocalization 

studies, 35Sp:CFP-SlUNK and 35Sp:CFP-SlSAS10 were coinfiltrated with the 

35Sp:RIRG190-GFP construct as described [100]. Plant material was imaged in sequential 

mode at 48 h post-infiltration using the above-mentioned tools. For the detection of GFP 

fluorescence in tomato composite plants or in Arabidopsis homozygous stable lines, roots 

were mounted on slides with distilled water and examined under the same confocal mi-

croscope using the 488 nm excitation laser. 

4.10. Ectopic Gene Expression in Tomato Composite Plants 

To produce composite plants, sterilized tomato seeds were transformed as described 

above. Sectioned roots were infected by coating the freshly cut surface with an A. rhi-

zogenes ArquaI strain agar culture carrying 35Sp:RIRG190-GFP or 35Sp:GFP. Additionally, 

tomato composite plants carrying the 35Sp:GFP-SlSAS10, the SlSAS10p:GUS, the SlSAS10 

RNAi, and the RNAi EV were generated. For the creation of SlSAS10 RNAi roots, a mini-

mum of 200 tomato seedlings were transformed to guarantee enough silenced composite 

plants per biological repeat. All transformed plantlets were screened weekly under the 

fluorescence microscope for constitutive red fluorescent signal emitted by the mRuby:NLS 

or red fluorescent protein (RFP) present in the RNAi vector and WT roots were removed. 

A minimum of six transformed composite plants for each plant species and biological re-

peat were transferred to pots at 28 days post-transformation. Plants were grown as de-

scribed above and root material was gathered at the desired time points. 
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4.11. Estimation of Rhizophagus Root Colonization 

To visualize mycorrhizal structures, plant host root systems were stained using ink 

as described by Vierheilig et al. [101]. Estimation of the intensity of the root cortex coloni-

zation was carried out according to the Trouvelot method [61]. The mycorrhization fre-

quency (F%) and intensity (M%) and the arbuscule abundance (A%) in the whole root 

system, and the mycorrhization intensity (m%) and the arbuscular abundance (a%) in my-

corrhized root fragments were measured using the Mycocalc software (https://www2.di-

jon.inrae.fr/mychintec/Mycocalc-prg/download.html, (accessed on 22 May 2024). For each 

biological repeat, a minimum of 30 root pieces per biological repeat and construct were 

analyzed under the Leica stereo microscope (Wetzlar, Germany). 

4.12. Wheat Germ Agglutinin (WGA) Fluorescent Staining 

Root systems from composite plants expressing the 35Sp:GFP, 35Sp:RIRG190-GFP, 

35Sp:GFP-SlSAS10, and SlSAS10p:GUS fusion proteins were subjected to WGA staining 

using 10 µg/mL of WGA-Alexafluor 488 conjugated dye (Thermo Fisher Scientific) diluted 

in PBS [102]. Briefly, root systems were sampled and incubated in 50% ethanol for 7 days 

at room temperature, after which they were incubated for 45 min at 90 °C in 10% KOH, 

followed by three consecutive washes of five min each with distilled water. Roots were 

incubated for 2 h at room temperature in 0.1 M HCl solution and consequently rinsed 

three times with PBS. Resulting root systems were incubated for a minimum of 2 h in 

WGA solution at 4 °C in a dark environment. Samples were mounted on slides with 50% 

glycerol and subjected to confocal scanning microscopy. At least nine transformed roots 

from independent plants were studied under the confocal laser-scanning microscope 

Zeiss LSM 710. Z-stack images were acquired in sequential mode, using 488 nm excitation 

and an emission window between 488 and 511 nm for GFP detection. Detailed images 

were created using the 3D tool of the ZEN 3.5 blue edition software. 

4.13. Construction of Arabidopsis Lines 

To generate stable homozygous Arabidopsis lines carrying the effector fusion, plants 

were transformed as previously reported [91]. Transgenic seeds carrying the pFAST 

35Sp:RIRG190-GFP or pFAST 35Sp:GFP insertion were selected based on the fluorescence-

accumulating seed technology system as described previously [103]. Single-loci insertions 

were selected at the T2 population, and experiments were performed with the homozy-

gous T3 generation. Root genomic DNA was extracted using the DNeasy plant mini kit 

(Qiagen, Hilden, Germany) and the genomic insertion was PCR-validated. Primers used 

for the T-DNA insert validation are listed in Table S1E. 

4.14. Arabidopsis Phenotypic Analysis 

Primary root length was analyzed from the root systems of 14-day-old seedlings 

grown vertically at 21 °C under long-day conditions (16 h/8 h photoperiod). Root systems 

were photographed, and pictures were analyzed using the NeuronJ plugin in ImageJ soft-

ware (http://rsb.info.nih.gov//ij/, accessed on 22 April 2024) to determine the root length 

[104]. 

To quantify the meristematic cortical cells, roots from six-day-old Arabidopsis seed-

lings were stained with 1% propidium iodide, mounted on slides in distilled water and 

studied under a confocal laser-scanning microscopy Zeiss LSM 710. Images were acquired 

in sequential mode, using 561 nm excitation and an emission window between 519 and 

643 nm for propidium iodide detection. The number of cortical cells between the quiescent 

center and the first elongated cell was counted. To increase the accuracy of the data, we 

counted individually the right and left side rows of cortical cells in the root meristem to 

obtain an average value per analyzed root [62]. 
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4.15. Y2H cDNA Library Screening 

The Y2H cDNA library screening assay was performed as previously described [105]. 

The pDONR221 containing the CDS of RIRG190 lacking the endogenous SP was recom-

bined into the PGBKT7 bait vector via the Gateway technology (Invitrogen, USA). To ex-

clude bait autoactivation, the PGBKT7 RIRG190 was cotransformed with the empty 

PGADT7 prey vector in the reporter yeast strain PJ69-4α [105]. The Y2H library screening 

using the PGBKT7 RIRG190 competent yeasts was conducted as previously reported [42]. 

4.16. Y2H Pairwise and Y3H Assays 

The pDONR207 or pDONR221 containing the gene of interest was recombined into 

the prey vector PGADT7 and/or bait vector PGBKT7 following the Gateway cloning 

standard procedures (Invitrogen, USA). To evaluate binary interaction, bait and prey were 

cotransformed and grown in selective medium as described [96]. For the Y3H assay, the 

pEN-R2-NLS-3xMyc-L3, the pDONR207 carrying SlSAS10 or AtSAS10, and the pEN-L4-

pGPD-R1 were recombined into the destination vector pMG426 via Multisite Gateway LR 

reaction (Invitrogen, USA). Yeast cotransformation was performed using the PGBKT7 

RIRG190, PGADT7 SlMPP10/AtMPP10, and the PMG426 AlSAS10/AtSAS10 vectors. As a 

negative control for the interaction, the empty PMG426 vector was used for the cotrans-

formation. Yeast serial dilutions were dropped on SD/-LTH control medium, while inter-

actions were assessed in SD/-LTHU selective medium (26.7 g/L synthetic-defined me-

dium, 0.6 g/L drop-out mix of leucine, tryptophan, histidine and uracil [Clontech, France], 

2% select agar). 

4.17. rBiFC Assay 

4.17.1. rBIFC Construct Generation 

To investigate the interaction between RIRG190 and the tomato protein of unknown 

function (SlUNK, Solyc07g045450) and the homologous SAS10 proteins (SlSAS10, 

Solyc11g072390, and its isoform Solyc11g072320), the respective gene CDSs were cloned 

into pDONR221 2in1 entry vectors. The 2-in-1 N-terminal rBiFC expression clones were 

generated by combining the SlUNK and the SAS10 homologous genes with RIRG190 [71]. 

As a positive control, the rBiFC expression clone containing the Arabidopsis AtSKP1 

(At1g75950) and AtMAX2 (At2g42620) gene pair was used [72]. As a negative controls, the 

known interactor of the nuclear effector GLOIN707, Sl296, was tested for the interaction 

with RIRG190, whereas SlSAS10 was co-expressed with GLOIN707 [42]. All studied genes 

were fused in the same N-terminal position to avoid tag interference. 

4.17.2. rBIFC Confocal Analysis 

Subcellular localization of the in vivo interaction was studied by Agrobacterium tume-

faciens (C58C1 strain)-mediated transformation in tobacco leaves, as previously described 

[100]. rBiFC images were obtained using a Zeiss LSM 710 confocal microscope employing 

the white-light laser with a 40×/1.2 water-immersion objective. Images were acquired in 

sequential mode, using 513 nm excitation and an emission window between 519 and 

550 nm for YFP detection, and 555 nm excitation and an emission window between 578 

and 620 nm for RFP detection. All images were acquired under the same settings. The 

plant cell nucleus was delimited by the round contour tool of the ZEN 3.5 blue edition 

software, after which the average intensity of the RFP and YFP channels was selected. All 

images were devoid of saturated pixels [106]. 

4.18. Spatial Analysis of SlSAS10 Transcriptional Activity 
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To localize the endogenous expression of SlSAS10, the transcriptional fusion of the 

SlSAS10 promoter with the β-glucuronidase (GUS) reporter gene, as well as the control vec-

tor 35Sp:GUS, was generated, and the promoter-GUS activity was studied in mycorrhized 

and non-mycorrhized tomato composite plants at four wpi. To measure the GUS activity, 

root systems were harvested in NT buffer (12.12 g/L tris(hydroxymethyl)aminomethane 

[Tris], 2.92 g/L Sodium chloride [NaCl], 1 L of distilled water), transferred to GUS buffer 

(1.044 g/L X-gluc dissolved in dimethyl sulfoxide [DMSO], 0.64 g/L potassium ferricya-

nide [K3[Fe(CN)6)] in NT buffer) and incubated overnight at 37 °C in dark conditions. Sub-

sequently, roots were subjected to WGA costaining using 10 µg/mL of WGA-Alexafluor 

488 conjugated dye (Thermo Fisher Scientific) as described above. For GUS detection, root 

samples were mounted on slides in 50% glycerol and visualized by light microscopy using 

the Olympus BX51 microscope (Tokyo, Japan) or the Leica stereo microscope, and subse-

quent pictures were obtained. 

4.19. GFP Immunoprecipitation and Liquid Chromatography Tandem-Mass Spectrometry (LC 

MS/MS) and Gene Ontology Analysis 

To identify RIRG190 protein interactors in Arabidopsis, a GFP pull-down was per-

formed in 2-week-old stably transformed Arabidopsis roots ectopically expressing 

35Sp:RIRG190-GFP or 35Sp:GFP. GFP immunoprecipitation and sample preparation were 

performed as previously described [107] using 2 g of crushed root material per biological 

replicate. Peptides were detected with the Q Exactive HF Mass Spectrometer [107]. 

Raw peptide data of 35Sp:GFP and 35Sp:RIRG190-GFP files were analyzed with 

MaxQuant from the Galaxy online platform using standard parameters found in Table 

S1F. Proteins identified with at least one unique peptide were retained. The false discov-

ery rate (FDR) for peptide and protein identifications was set to 1, and the minimum pep-

tide length was set to seven amino acids. MaxQuant protein group files were loaded in 

Perseus (version 1.6.15) and proteins identified by contaminant, reverse, and site were 

removed. Samples were grouped by the respective triplicates and filtered for a minimum 

of three valid values per triplicate to strengthen the search. Missing label-free quantifica-

tion (LFQ) values were imputed from a normal distribution using standard settings in 

Perseus. A Student’s t-test analysis was performed, and a volcano plot was built using 

permutation-based FDR to determine the significantly enriched proteins in the 

35Sp:RIRG190-GFP samples compared to those identified in the 35Sp:GFP roots. Two cut-

offs were applied for significance, FDR = 0.05/S0 = 0.1 and FDR = 0.01/S0 = 0.1. STRING 

protein–protein interaction files from each of the significantly enriched proteins found in 

the Arabidopsis RIRG190-GFP samples were downloaded, and a RIRG190 protein net-

work visualization was built using Cytoscape 3.9.1 software [108–110]. 

4.20. Plant Protein Extraction and Immunoblot Analysis 

For effector fusion protein detection in different plant material, i.e., tobacco, tomato 

and Arabidopsis, 200 mg of crushed leave/root material from each line were subjected to 

protein extraction buffer (23.63 g/L Tris (THAM) hydrochloride [Tris-HCl] pH 7.5, 8.76 

g/L NaCl, 10% glycerol, 2.9 g/L Ethylenediaminetetraacetic acid [EDTA], 0.21 g/L sodium 

molybdate [Na2MoO], 0.042 g/L sodium fluoride [NaF], 1.54 g/L dithiothreitol [DTT], 1% 

(v/v) NP-40, 0.5% (v/v) polyvinylpolypyrrolidone [PVPP], protease inhibitor cocktail 

[Roche, Basel, Switzerland], 1 L of distilled water). Total protein content was determined 

using the Qubit protein assay kit as described by the manufacturer (Invitrogen, USA). 

Proteins were separated on a 4–12% gradient Mini-PROTEAN stain-free TGX gels (Bio-

Rad, USA) and transferred to a polyvinylidene difluoride membrane. Protein transfer and 

content were investigated as described [42]. 
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4.21. Nuclei Extraction and Flow Cytometry Analysis 

Full root systems from the reported transgenic tomato composite plants were col-

lected, and the subsequent nuclear isolation and staining was conducted as previously 

described [111] using the CyStain UV precise P kit (Sysmex, Norderstedt, Germany). 

Briefly, root material was homogenized in 200 µL of nuclei extraction buffer, followed by 

addition of 1 mL staining buffer. Resuspended nuclei were transferred to a polystyrene 

collection tube containing a mini strainer of 35 µm mesh. Flow cytometry assay was con-

ducted on the final nuclei suspension using the CyFlow Space Analyzer with UV-laser 

excitation (Sysmex, Kobe, Japan). At least ten thousand nuclei were considered in each 

sample with the corresponding three technical replications. The endoreplication index 

represents the mean number of endoreplication cycles per root cell and was calculated as 

follows: % of 4C + 2 × % of 8C + 3 × % of 16C. Data are shown as average from three 

biological repeats and their SEM. 

4.22. Statistical Analysis 

Statistical analyses were performed on GraphPad Prism v9 software, and data was 

shown as mean ± SEM. Statistical significance was determined by Student’s t-test, one-

way or two-way ANOVA, followed by multiple comparison α < 0.05. The detailed statis-

tical information is shown in the Figure legends and “n” represents the number of samples 

used in one biological repeat. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

a% arbuscule abundance in root fragments 

A% arbuscule abundance in the whole root  

AM arbuscular mycorrhiza  

AMF arbuscular mycorrhizal fungi 

CDS coding sequence 

DAS days after stratification 

FL full length  

F% mycorrhization frequency in the whole root 

GFP green fluorescent protein 

m% mycorrhization intensity in root fragments 

M% mycorrhization intensity in the whole root  

NLS nuclear localization signal 

rBIFC ratiometric bimolecular fluorescence complementation  

RFP red fluorescent protein 

SAS10 SOMETHING ABOUT SILENCING 10 

SP signal peptide 

SYM symbiosis 

wpi weeks post inoculation 

WGA wheat germ agglutinin 

WT wild-type 

YFP yellow fluorescent protein 

YST yeast secretion trap 

Y2H yeast two-hybrid 

References 

1. Smith, S.E.; Smith, F.A. Roles of arbuscular mycorrhizas in plant nutrition and growth: New paradigms from cellular to ecosys-

tem scales. Annu. Rev. Plant Biol. 2011, 62, 227–250. 

2. Bárzana, G.; Aroca, R.; Bienert, G.P.; Chaumont, F.; Ruiz-Lozano, J.M. New insights into the regulation of aquaporins by the 

arbuscular mycorrhizal symbiosis in maize plants under drought stress and possible implications for plant performance. Mol. 

Plant-Microbe Interact. 2014, 27, 349–363. 

3. López-Ráez, J.A. How drought and salinity affect arbuscular mycorrhizal symbiosis and strigolactone biosynthesis? Planta 2016, 

243, 1375–1385. 

4. Eroğlu, Ç.G.; Cabral, C.; Ravnskov, S.; Bak Topbjerg, H.; Wollenweber, B. Arbuscular mycorrhiza influences carbon-use effi-

ciency and grain yield of wheat grown under pre- and post-anthesis salinity stress. Plant Biol. 2020, 22, 863–871. 

5. Pons, C.; Voß, A.C.; Schweiger, R.; Müller, C. Effects of drought and mycorrhiza on wheat and aphid infestation. Ecol. Evol. 

2020, 10, 10481–10491. 

6. Pimprikar, P.; Gutjahr, C. Transcriptional regulation of arbuscular mycorrhiza development. Plant Cell Physiol. 2018, 59, 678–

695; Correction in Plant Cell Physiol. 2018, 59, 876. 

7. Russo, G.; Genre, A. Divide and be conquered—Cell cycle reactivation in arbuscular mycorrhizal symbiosis. Front. Plant Sci. 

2021, 12, 753265. 

8. Singh, S.; Parniske, M. Activation of calcium- and calmodulin-dependent protein kinase (CCaMK), the central regulator of plant 

root endosymbiosis. Curr. Opin. Plant Biol. 2012, 15, 444–453. 

9. Takeda, N.; Maekawa, T.; Hayashi, M. Nuclear-localized and deregulated calcium- and calmodulin-dependent protein kinase 

activates rhizobial and mycorrhizal responses in Lotus japonicus. Plant Cell 2012, 24, 810–822. 

10. Sun, J.; Miller, J.B.; Granqvist, E.; Wiley-Kalil, A.; Gobbato, E.; Maillet, F.; Cottaz, S.; Samain, E.; Venkateshwaran, M.; Fort, S.; 

et al. Activation of symbiosis signaling by arbuscular mycorrhizal fungi in legumes and rice. Plant Cell 2015, 27, 823–838. 

11. Pimprikar, P.; Carbonnel, S.; Paries, M.; Katzer, K.; Klingl, V.; Bohmer, M.J.; Karl, L.; Floss, D.S.; Harrison, M.J.; Parniske, M.; et 

al. A CCaMK-CYCLOPS-DELLA complex activates transcription of RAM1 to regulate arbuscule branching. Curr. Biol. 2016, 26, 

987–998. 

https://doi.org/10.3390/ijms262412178


Int. J. Mol. Sci. 2025, 26, 12178 25 of 29 
 

https://doi.org/10.3390/ijms262412178 

12. Genre, A.; Chabaud, M.; Faccio, A.; Barker, D.G.; Bonfante, P. Prepenetration apparatus assembly precedes and predicts the 

colonization patterns of arbuscular mycorrhizal fungi within the root cortex of both Medicago truncatula and Daucus carota. Plant 

Cell 2008, 20, 1407–1420. 

13. Pumplin, N.; Zhang, X.; Noar, R.D.; Harrison, M.J. Polar localization of a symbiosis-specific phosphate transporter is mediated 

by a transient reorientation of secretion. Proc. Natl. Acad. Sci. USA 2012, 109, E665–E672. 

14. Gaude, N.; Bortfeld, S.; Duensing, N.; Lohse, M.; Krajinski, F. Arbuscule-containing and non-colonized cortical cells of mycor-

rhizal roots undergo extensive and specific reprogramming during arbuscular mycorrhizal development. Plant J. 2012, 69, 510–

528. 

15. Carotenuto, G.; Volpe, V.; Russo, G.; Politi, M.; Sciascia, I.; de Almeida-Engler, J.; Genre, A. Local endoreduplication as a feature 

of intracellular fungal accommodation in arbuscular mycorrhizas. New Phytol. 2019, 223, 430–446. 

16. Russo, G.; Carotenuto, G.; Fiorilli, V.; Volpe, V.; Chiapello, M.; Van Damme, D.; Genre, A. Ectopic activation of cortical cell 

division during the accommodation of arbuscular mycorrhizal fungi. New Phytol. 2019, 221, 1036–1048. 

17. Pfeffer, P.E.; Douds, D.D., Jr.; Bécard, G.; Shachar-Hill, Y. Carbon uptake and the metabolism and transport of lipids in an 

arbuscular mycorrhiza. Plant Physiol. 1999, 120, 587–598. 

18. Bago, B.; Pfeffer, P.E.; Abubaker, J.; Jun, J.; Allen, J.W.; Brouillette, J.; Douds, D.D.; Lammers, P.J.; Shachar-Hill, Y. Carbon export 

from arbuscular mycorrhizal roots involves the translocation of carbohydrate as well as lipid. Plant Physiol. 2003, 131, 1496–

1507. 

19. Manck-Götzenberger, J.; Requena, N. Arbuscular mycorrhiza symbiosis induces a major transcriptional reprogramming of the 

potato SWEET sugar transporter family. Front. Plant Sci. 2016, 7, 487. 

20. Bravo, A.; Brands, M.; Wewer, V.; Dörmann, P.; Harrison, M.J. Arbuscular mycorrhiza-specific enzymes FatM and RAM2 fine-

tune lipid biosynthesis to promote development of arbuscular mycorrhiza. New Phytol. 2017, 214, 1631–1645. 

21. Jiang, Y.; Wang, W.; Xie, Q.; Liu, N.; Liu, L.; Wang, D.; Zhang, X.; Yang, C.; Chen, X.; Tang, D.; et al. Plants transfer lipids to 

sustain colonization by mutualistic mycorrhizal and parasitic fungi. Science 2017, 356, 1172–1175. 

22. Keymer, A.; Pimprikar, P.; Wewer, V.; Huber, C.; Brands, M.; Bucerius, S.L.; Delaux, P.-M.; Klingl, V.; van Röpenack-Lahaye, 

E.; Wang, T.L.; et al. Lipid transfer from plants to arbuscular mycorrhiza fungi. eLife 2017, 6, e29107. 

23. Ivanov, S.; Harrison, M.J. Accumulation of phosphoinositides in distinct regions of the periarbuscular membrane. New Phytol. 

2019, 221, 2213–2227. 

24. Saunders, D.G.O.; Aves, S.J.; Talbot, N.J. Cell cycle–mediated regulation of plant infection by the rice blast fungus. Plant Cell 

2010, 22, 497–507. 

25. Favery, B.; Quentin, M.; Jaubert-Possamai, S.; Abad, P. Gall-forming root-knot nematodes hijack key plant cellular functions to 

induce multinucleate and hypertrophied feeding cells. J. Insect Physiol. 2016, 84, 60–69. 

26. Teulet, A.; Busset, N.; Fardoux, J.; Gully, D.; Chaintreuil, C.; Cartieaux, F.; Jauneau, A.; Comorge, V.; Okazaki, S.; Kaneko, T.; et 

al. The rhizobial type III effector ErnA confers the ability to form nodules in legumes. Proc. Natl. Acad. Sci. USA 2019, 116, 21758–

21768. 

27. Mejias, J.; Bazin, J.; Truong, N.-M.; Chen, Y.; Marteu, N.; Bouteiller, N.; Sawa, S.; Crespi, M.D.; Vaucheret, H.; Abad, P.; et al. 

The root-knot nematode effector MiEFF18 interacts with the plant core spliceosomal protein SmD1 required for giant cell for-

mation. New Phytol. 2021, 229, 3408–3423. 

28. Canonne, J.; Rivas, S. Bacterial effectors target the plant cell nucleus to subvert host transcription. Plant Signal. Behav. 2012, 7, 

217–221. 

29. Qiao, Y.; Shi, J.; Zhai, Y.; Hou, Y.; Ma, W. Phytophthora effector targets a novel component of small RNA pathway in plants to 

promote infection. Proc. Natl. Acad. Sci. USA 2015, 112, 5850–5855. 

30. Pradhan, A.; Ghosh, S.; Sahoo, D.; Jha, G. Fungal effectors, the double edge sword of phytopathogens. Curr. Genet. 2021, 67, 27–

40. 

31. Sędzielewska Toro, K.; Brachmann, A. The effector candidate repertoire of the arbuscular mycorrhizal fungus Rhizophagus 

clarus. BMC Genom. 2016, 17, 101. 

32. Kamel, L.; Tang, N.; Malbreil, M.; San Clemente, H.; Le Marquer, M.; Roux, C.; Frei Dit Frey, N. The comparison of expressed 

candidate secreted proteins from two arbuscular mycorrhizal fungi unravels common and specific molecular tools to invade 

different host plants. Front. Plant Sci. 2017, 8, 124; Correction in Front. Plant Sci. 2017, 8, 2065. 

33. Maeda, T.; Kobayashi, Y.; Kameoka, H.; Okuma, N.; Takeda, N.; Yamaguchi, K.; Bino, T.; Shigenobu, S.; Kawaguchi, M. Evi-

dence of non-tandemly repeated rDNAs and their intragenomic heterogeneity in Rhizophagus irregularis. Commun. Biol. 2018, 1, 

87. 

https://doi.org/10.3390/ijms262412178


Int. J. Mol. Sci. 2025, 26, 12178 26 of 29 
 

https://doi.org/10.3390/ijms262412178 

34. Zeng, T.; Holmer, R.; Hontelez, J.; Te Lintel-Hekkert, B.; Marufu, L.; de Zeeuw, T.; Wu, F.; Schijlen, E.; Bisseling, T.; Limpens, E. 

Host- and stage-dependent secretome of the arbuscular mycorrhizal fungus Rhizophagus irregularis. Plant J. 2018, 94, 411–425. 

35. Harrier, L.A.; Millam, S.; Franken, P. Biolistic transformation of arbuscular mycorrhizal fungi: Advances and applications. In 

Mycorrhizal Technology in Agriculture: From Genes to Bioproducts; Birkhäuser: Basel, Switzerland, 2002; pp. 59–70. 

36. Helber, N.; Requena, N. Expression of the fluorescence markers DsRed and GFP fused to a nuclear localization signal in the 

arbuscular mycorrhizal fungus Glomus intraradices. New Phytol. 2008, 177, 537–548. 

37. Kloppholz, S.; Kuhn, H.; Requena, N. A secreted fungal effector of Glomus intraradices promotes symbiotic biotrophy. Curr. Biol. 

2011, 21, 1204–1209. 

38. Tsuzuki, S.; Handa, Y.; Takeda, N.; Kawaguchi, M. Strigolactone-induced putative secreted protein 1 is required for the estab-

lishment of symbiosis by the arbuscular mycorrhizal fungus Rhizophagus irregularis. Mol. Plant-Microbe Interact. 2016, 29, 277–

286. 

39. Voß, S.; Betz, R.; Heidt, S.; Corradi, N.; Requena, N. RiCRN1, a crinkler effector from the arbuscular mycorrhizal fungus Rhi-

zophagus irregularis, functions in arbuscule development. Front. Microbiol. 2018, 9, 2068. 

40. Zeng, T.; Rodriguez-Moreno, L.; Mansurkhodzaev, A.; Wang, P.; van den Berg, W.; Gasciolli, V.; Cottaz, S.; Fort, S.; Thomma, 

B.; Bono, J.-J.; et al. A lysin motif effector subverts chitin-triggered immunity to facilitate arbuscular mycorrhizal symbiosis. New 

Phytol. 2020, 225, 448–460. 

41. Wang, P.; Jiang, H.; Boeren, S.; Dings, H.; Kulikova, O.; Bisseling, T.; Limpens, E. A nuclear-targeted effector of Rhizophagus 

irregularis interferes with histone 2B mono-ubiquitination to promote arbuscular mycorrhisation. New Phytol. 2021, 230, 1142–

1155. 

42. Aparicio Chacón, M.V.; Hernández Luelmo, S.; Devlieghere, V.; Robichez, L.; Leroy, T.; Stuer, N.; De Keyser, A.; Ceulemans, 

E.; Goossens, A.; Goormachtig, S.; et al. Exploring the potential role of four Rhizophagus irregularis nuclear effectors: Opportuni-

ties and technical limitations. Front. Plant Sci. 2024, 15, 1384496. 

43. Betz, R.; Heidt, S.; Figueira-Galán, D.; Langner, T.; Requena, N. Alternative splicing regulation in plants by effectors of symbiotic 

arbuscular mycorrhizal fungi. bioRxiv 2023. https://doi.org/10.1038/s41467-024-51512-5. 

44. Vieira, P.; Kyndt, T.; Gheysen, G.; de Almeida Engler, J. An insight into critical endocycle genes for plant-parasitic nematode 

feeding sites establishment. Plant Signal. Behav. 2013, 8, e24223. 

45. de Almeida Engler, J.; Kyndt, T.; Vieira, P.; Van Cappelle, E.; Boudolf, V.; Sanchez, V.; Escobar, C.; De Veylder, L.; Engler, G.; 

Abad, P.; et al. CCS52 and DEL1 genes are key components of the endocycle in nematode-induced feeding sites. Plant J. 2012, 

72, 185–198. 

46. Coelho, R.R.; Vieira, P.; Antonino de Souza Junior, J.D.; Martin-Jimenez, C.; De Veylder, L.; Cazareth, J.; Engler, G.; Grossi-de-

Sa, M.F.; de Almeida Engler, J. Exploiting cell cycle inhibitor genes of the KRP family to control root-knot nematode induced 

feeding sites in plants. Plant Cell Environ. 2017, 40, 1174–1188. 

47. Bainard, L.D.; Bainard, J.D.; Newmaster, S.G.; Klironomos, J.N. Mycorrhizal symbiosis stimulates endoreduplication in angio-

sperms. Plant Cell Environ. 2011, 34, 1577–1585. 

48. Berta, G.; Fusconi, A.; Sampò, S.; Lingua, G.; Perticone, S.; Repetto, O. Polyploidy in tomato roots as affected by arbuscular 

mycorrhizal colonization. Plant Soil 2000, 226, 37–44. 

49. Fusconi, A.; Lingua, G.; Trotta, A.; Berta, G. Effects of arbuscular mycorrhizal colonization and phosphorus application on 

nuclear ploidy in Allium porrum plants. Mycorrhiza 2005, 15, 313–321. 

50. Lin, Y.-H.; Xu, M.-Y.; Hsu, C.-C.; Damei, F.A.; Lee, H.-C.; Tsai, W.-L.; Hoang, C.V.; Chiang, Y.-R.; Ma, L.-S. Ustilago maydis PR-

1-like protein has evolved two distinct domains for dual virulence activities. Nat. Commun. 2023, 14, 5755. 

51. Almagro Armenteros, J.J.; Tsirigos, K.D.; Sønderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H. 

SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 2019, 37, 420–423. 

52. Sperschneider, J.; Catanzariti, A.-M.; DeBoer, K.; Petre, B.; Gardiner, D.M.; Singh, K.B.; Dodds, P.N.; Taylor, J.M. LOCALIZER: 

Subcellular localization prediction of both plant and effector proteins in the plant cell. Sci. Rep. 2017, 7, 44598. 

53. Ho-Plágaro, T.; Huertas, R.; Tamayo-Navarrete, M.I.; Ocampo, J.A.; García-Garrido, J.M. An improved method for Agrobacte-

rium rhizogenes-mediated transformation of tomato suitable for the study of arbuscular mycorrhizal symbiosis. Plant Methods 

2018, 14, 34. 

54. Ho-Plágaro, T.; Molinero-Rosales, N.; Fariña Flores, D.; Villena Díaz, M.; García-Garrido, J.M. Identification and expression 

analysis of GRAS transcription factor genes involved in the control of arbuscular mycorrhizal development in tomato. Front. 

Plant Sci. 2019, 10, 268. 

https://doi.org/10.3390/ijms262412178


Int. J. Mol. Sci. 2025, 26, 12178 27 of 29 
 

https://doi.org/10.3390/ijms262412178 

55. Harrison, M.J.; Dewbre, G.R.; Liu, J. A phosphate transporter from Medicago truncatula involved in the acquisition of phosphate 

released by arbuscular mycorrhizal fungi. Plant Cell 2002, 14, 2413–2429. 

56. Lee, S.-J.; Rose, J.K. A yeast secretion trap assay for identification of secreted proteins from eukaryotic phytopathogens and their 

plant hosts. Methods Mol. Biol. 2012, 835, 519–530. 

57. Lee, S.-J.; Kim, B.-D.; Rose, J.K.C. Identification of eukaryotic secreted and cell surface proteins using the yeast secretion trap 

screen. Nat. Protoc. 2006, 1, 2439–2447. 

58. de Guillen, K.; Ortiz-Vallejo, D.; Gracy, J.; Fournier, E.; Kroj, T.; Padilla, A. Structure analysis uncovers a highly diverse but 

structurally conserved effector family in phytopathogenic fungi. PLoS Pathog. 2015, 11, e1005228. 

59. Stuer, N.; Van Damme, P.; Goormachtig, S.; Van Dingenen, J. Seeking the interspecies crosswalk for filamentous microbe effec-

tors. Trends Plant Sci. 2023, 28, 1045–1059. 

60. Franceschetti, M.; Maqbool, A.; Jiménez-Dalmaroni, M.J.; Pennington, H.G.; Kamoun, S.; Banfield, M.J. Effectors of filamentous 

plant pathogens: Commonalities amid diversity. Microbiol. Mol. Biol. Rev. 2017, 81, e00066-16. 

61. Trouvelot, A.; Kough, J.L.; Gianinazzi-Pearson, V. Mesure du taux de mycorrhization VA d’un systeme radiculaire. Recherche 

de méthode d’estimation ayant une signification fonctionnelle. In Physiological and Genetical Aspects of Mycorrhizae: 1st European 

Symposium on Mycorrhizae; INRA: Paris, France, 1986; pp. 217–221. 

62. Perilli, S.; Sabatini, S. Analysis of root meristem size development. Methods Mol. Biol. 2010, 655, 177–187. 

63. Lo Presti, L.; Lanver, D.; Schweizer, G.; Tanaka, S.; Liang, L.; Tollot, M.; Zuccaro, A.; Reissmann, S.; Kahmann, R. Fungal effec-

tors and plant susceptibility. Annu. Rev. Plant Biol. 2015, 66, 513–545. 

64. Toruño, T.Y.; Stergiopoulos, I.; Coaker, G. Plant-pathogen effectors: Cellular probes interfering with plant defenses in spatial 

and temporal manners. Annu. Rev. Phytopathol. 2016, 54, 419–441. 

65. Dragon, F.; Gallagher, J.E.G.; Compagnone-Post, P.A.; Mitchell, B.M.; Porwancher, K.A.; Wehner, K.A.; Wormsley, S.; Settlage, 

R.E.; Shabanowitz, J.; Osheim, Y.; et al. A large nucleolar U3 ribonucleoprotein required for 18S ribosomal RNA biogenesis. 

Nature 2002, 417, 967–970. 

66. Nan, Y.; Luo, Q.; Wu, X.; Chang, W.; Zhao, P.; Liu, S.; Liu, Z. HCP5 prevents ubiquitination-mediated UTP3 degradation to 

inhibit apoptosis by activating c-Myc transcriptional activity. Mol. Ther. 2023, 31, 552–568. 

67. Mitchell, P. Rrp47 and the function of the Sas10/C1D domain. Biochem. Soc. Trans. 2010, 38, 1088–1092. 

68. Zhao, S.; Chen, Y.; Chen, F.; Huang, D.; Shi, H.; Lo, L.J.; Chen, J.; Peng, J. Sas10 controls ribosome biogenesis by stabilizing 

Mpp10 and delivering the Mpp10–Imp3–Imp4 complex to nucleolus. Nucleic Acids Res. 2019, 47, 2996–3012. 

69. Kamakaka, R.T.; Rine, J. Sir- and silencer-independent disruption of silencing in Saccharomyces by Sas10p. Genetics 1998, 149, 

903–914. 

70. Chen, Y.-J.C.; Wang, H.-J.; Jauh, G.-Y. Dual role of a SAS10/C1D family protein in ribosomal RNA gene expression and pro-

cessing is essential for reproduction in Arabidopsis thaliana. PLoS Genet. 2016, 12, e1006408. 

71. Grefen, C.; Blatt, M.R. A 2in1 cloning system enables ratiometric bimolecular fluorescence complementation (rBiFC). Biotech-

niques 2012, 53, 311–314. 

72. Woo, H.R.; Chung, K.M.; Park, J.-H.; Oh, S.A.; Ahn, T.; Hong, S.H.; Jang, S.K.; Nam, H.G. ORE9, an F-box protein that regulates 

leaf senescence in Arabidopsis. Plant Cell 2001, 13, 1779–1790. 

73. Sá-Moura, B.; Kornprobst, M.; Kharde, S.; Ahmed, Y.L.; Stier, G.; Kunze, R.; Sinning, I.; Hurt, E. Mpp10 represents a platform 

for the interaction of multiple factors within the 90S pre-ribosome. PLoS ONE 2017, 12, e0183272; Correction in PLoS ONE 2020, 

12, e0234932. 

74. Wendrich, J.R.; Yang, B.; Vandamme, N.; Verstaen, K.; Smet, W.; Van de Velde, C.; Minne, M.; Wybouw, B.; Mor, E.; Arents, 

H.E.; et al. Vascular transcription factors guide plant epidermal responses to limiting phosphate conditions. Science 2020, 370, 

eaay4970. 

75. Bonfante, P.; Genre, A. Arbuscular mycorrhizal dialogues: Do you speak ‘plantish’or ‘fungish’? Trends Plant Sci. 2015, 20, 150–

154. 

76. Tisserant, E.; Kohler, A.; Dozolme-Seddas, P.; Balestrini, R.; Benabdellah, K.; Colard, A.; Croll, D.; Da Silva, C.; Gomez, S.K.; 

Koul, R.; et al. The transcriptome of the arbuscular mycorrhizal fungus Glomus intraradices (DAOM 197198) reveals functional 

tradeoffs in an obligate symbiont. New Phytol. 2012, 193, 755–769. 

77. Gutjahr, C.; Parniske, M. Cell and developmental biology of arbuscular mycorrhiza symbiosis. Annu. Rev. Cell Dev. Biol. 2013, 

29, 593–617. 

https://doi.org/10.3390/ijms262412178


Int. J. Mol. Sci. 2025, 26, 12178 28 of 29 
 

https://doi.org/10.3390/ijms262412178 

78. Pontvianne, F.; Matia, I.; Douet, J.; Tourmente, S.; Medína, F.J.; Echeverria, M.; Sáez-Vásquez, J. Characterization of AtNUC-L1 

reveals a central role of nucleolin in nucleolus organization and silencing of AtNUC-L2 gene in Arabidopsis. Mol. Biol. Cell 2007, 

18, 369–379. 

79. Pontvianne, F.; Abou-Ellail, M.; Douet, J.; Comella, P.; Matia, I.; Chandrasekhara, C.; DeBures, A.; Blevins, T.; Cooke, R.; Medina, 

F.J.; et al. Nucleolin is required for DNA methylation state and the expression of rRNA gene variants in Arabidopsis thaliana. 

PLoS Genet. 2010, 6, e1001225. 

80. Carotenuto, G.; Sciascia, I.; Oddi, L.; Volpe, V.; Genre, A. Size matters: Three methods for estimating nuclear size in mycorrhizal 

roots of Medicago truncatula by image analysis. BMC Plant Biol. 2019, 19, 180. 

81. Osés-Ruiz, M.; Talbot, N.J. Cell cycle-dependent regulation of plant infection by the rice blast fungus Magnaporthe oryzae. Com-

mun. Integr. Biol. 2017, 10, e1372067. 

82. de Almeida Engler, J.; De Vleesschauwer, V.; Burssens, S.; Celenza, J.L., Jr.; Inzé, D.; Van Montagu, M.; Engler, G.; Gheysen, G. 

Molecular markers and cell cycle inhibitors show the importance of cell cycle progression in nematode-induced galls and syn-

cytia. Plant Cell 1999, 11, 793–807. 

83. Hill, D. The control of the cell cycle in microbial symbionts. New Phytol. 1989, 112, 175–184. 

84. Foucher, F.; Kondorosi, E. Cell cycle regulation in the course of nodule organogenesis in Medicago. Plant Mol. Biol. 2000, 43, 773–

786. 

85. Fendrych, M.; Synek, L.; Pečenková, T.; Toupalová, H.; Cole, R.; Drdová, E.; Nebesářová, J.; Šedinová, M.; Hála, M.; Fowler, J.E.; 

et al. The Arabidopsis exocyst complex is involved in cytokinesis and cell plate maturation. Plant Cell 2010, 22, 3053–3065. 

86. Weingartner, M.; Criqui, M.-C.; Mészáros, T.; Binarova, P.; Schmit, A.-C.; Helfer, A.; Derevier, A.; Erhardt, M.; Bögre, L.; 

Genschik, P. Expression of a nondegradable cyclin B1 affects plant development and leads to endomitosis by inhibiting the 

formation of a phragmoplast. Plant Cell 2004, 16, 643–657. 

87. Lang, L.; Schnittger, A. Endoreplication—A means to an end in cell growth and stress response. Curr. Opin. Plant Biol. 2020, 54, 

85–92. 

88. Mortier, V.; Den Herder, G.; Whitford, R.; Van de Velde, W.; Rombauts, S.; D’Haeseleer, K.; Holsters, M.; Goormachtig, S. CLE 

peptides control Medicago truncatula nodulation locally and systemically. Plant Physiol. 2010, 153, 222–237. 

89. Gryffroy, L.; Ceulemans, E.; Manosalva Pérez, N.; Venegas-Molina, J.; Jaramillo-Madrid, A.C.; Rodrigues, S.D.; De Milde, L.; 

Jonckheere, V.; Van Montagu, M.; De Coninck, B.; et al. Rhizogenic Agrobacterium protein RolB interacts with the TOPLESS 

repressor proteins to reprogram plant immunity and development. Proc. Natl. Acad. Sci. USA 2023, 120, e2210300120. 

90. Hewitt, E.J. Sand and Water Culture Methods Used in the Study of Plant Nutrition; Commonwealth Agricultural Bureaux: Walling-

ford, UK, 1952. 

91. Bent, A. Arabidopsis thaliana floral dip transformation method. Methods Mol. Biol. 2006, 343, 87–103. 

92. Gibson, D.G.; Young, L.; Chuang, R.-Y.; Venter, J.C.; Hutchison, C.A.; Smith, H.O. Enzymatic assembly of DNA molecules up 

to several hundred kilobases. Nat. Methods 2009, 6, 343–345. 

93. Decaestecker, W.; Andrade Buono, R.; Pfeiffer, M.L.; Vangheluwe, N.; Jourquin, J.; Karimi, M.; Van Isterdael, G.; Beeckman, T.; 

Nowack, M.K.; Jacobs, T.B. CRISPR-TSKO: A technique for efficient mutagenesis in specific cell types, tissues, or organs in 

Arabidopsis. Plant Cell 2019, 31, 2868–2887. 

94. Lampropoulos, A.; Sutikovic, Z.; Wenzl, C.; Maegele, I.; Lohmann, J.U.; Forner, J. GreenGate—A novel, versatile, and efficient 

cloning system for plant transgenesis. PLoS ONE 2013, 8, e83043. 

95. Karimi, M.; Inzé, D.; Depicker, A. GATEWAYTM vectors for Agrobacterium-mediated plant transformation. Trends Plant Sci. 2002, 

7, 193–195. 

96. Góes-Neto, A.; Diniz, M.V.C.; Carvalho, D.S.; Bomfim, G.C.; Duarte, A.A.; Brzozowski, J.A.; Petit Lobão, T.C.; Pinho, S.T.R.; El-

Hani, C.N.; Andrade, R.F.S. Comparison of complex networks and tree-based methods of phylogenetic analysis and proposal 

of a bootstrap method. PeerJ 2018, 6, e4349. 

97. Wahl, V.; Ponnu, J.; Schlereth, A.; Arrivault, S.; Langenecker, T.; Franke, A.; Feil, R.; Lunn, J.E.; Stitt, M.; Schmid, M. Regulation 

of flowering by trehalose-6-phosphate signaling in Arabidopsis thaliana. Science 2013, 339, 704–707. 

98. Cuéllar Pérez, A.; Pauwels, L.; De Clercq, R.; Goossens, A. Yeast two-hybrid analysis of jasmonate signaling proteins. Methods 

Mol. Biol. 2013, 1011, 173–185. 

99. Fletcher, J.C.; Brand, U.; Running, M.P.; Simon, R.; Meyerowitz, E.M. Signaling of cell fate decisions by CLAVATA3 in Arabidopsis 

shoot meristems. Science 1999, 283, 1911–1914. 

100. Wydro, M.; Kozubek, E.; Lehmann, P. Optimization of transient Agrobacterium-mediated gene expression system in leaves of 

Nicotiana benthamiana. Acta Biochim. Pol. 2006, 53, 289–298. 

https://doi.org/10.3390/ijms262412178


Int. J. Mol. Sci. 2025, 26, 12178 29 of 29 
 

https://doi.org/10.3390/ijms262412178 

101. Vierheilig, H.; Coughlan, A.P.; Wyss, U.; Piché, Y. Ink and vinegar, a simple staining technique for arbuscular-mycorrhizal 

fungi. Appl. Environ. Microbiol. 1998, 64, 5004–5007. 

102. Rech, S.S.; Heidt, S.; Requena, N. A tandem Kunitz protease inhibitor (KPI106)-serine carboxypeptidase (SCP1) controls mycor-

rhiza establishment and arbuscule development in Medicago truncatula. Plant J. 2013, 75, 711–725. 

103. Shimada, T.L.; Shimada, T.; Hara-Nishimura, I. A rapid and non-destructive screenable marker, FAST, for identifying trans-

formed seeds of Arabidopsis thaliana. Plant J. 2010, 61, 519–528. 

104. Trujillo-Hernandez, J.A.; Bariat, L.; Enders, T.A.; Strader, L.C.; Reichheld, J.-P.; Belin, C. A glutathione-dependent control of the 

indole butyric acid pathway supports Arabidopsis root system adaptation to phosphate deprivation. J. Exp. Bot. 2020, 71, 4843–

4857. 

105. Erffelinck, M.-L.; Ribeiro, B.; Perassolo, M.; Pauwels, L.; Pollier, J.; Storme, V.; Goossens, A. A user-friendly platform for yeast 

two-hybrid library screening using next generation sequencing. PLoS ONE 2018, 13, e0201270. 

106. Yperman, K.; Papageorgiou, A.C.; Merceron, R.; De Munck, S.; Bloch, Y.; Eeckhout, D.; Jiang, Q.; Tack, P.; Grigoryan, R.; Evan-

gelidis, T.; et al. Distinct EH domains of the endocytic TPLATE complex confer lipid and protein binding. Nat. Commun. 2021, 

12, 3050. 

107. Wendrich, J.R.; Boeren, S.; Möller, B.K.; Weijers, D.; De Rybel, B. In vivo identification of plant protein complexes using IP-

MS/MS. Methods Mol. Biol. 2017, 1497, 147–158. 

108. Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P.;  et al. 

The STRING database in 2021: Customizable protein–protein networks, and functional characterization of user-uploaded 

gene/measurement sets. Nucleic Acids Res. 2021, 49, D605–D612; Correction in Nucleic Acids Res. 2021, 49, 10800. 

109. Otasek, D.; Morris, J.H.; Bouças, J.; Pico, A.R.; Demchak, B. Cytoscape Automation: Empowering workflow-based network 

analysis. Genome Biol. 2019, 20, 185. 

110. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A 

software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. 

111. Atri, C.; Banga, S. A protocol for flow cytometric determination of expected chromosome number of Brassica juncea L. introgres-

sion lines. J. Oilseed Brassica 2014, 5, 170–174. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/ijms262412178

