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Abstract
In rice (Oryza sativa L.), the root system plays different essential roles, from water and nutrient uptake to
responding to environmental signals. The mechanisms underlying root development are complex and
involve many phytohormones, of which auxin is the most important. This study investigates the
involvement of OsGER4, a putative Germin-like protein, in auxin-mediated crown root development in rice.
The expression study of OsGER4 in the crl1 mutant con�rms that OsGER4 is connected to the CRL1
signaling pathway- a master regulator for crown root development. Transgenic rice carrying the
ProGER4::GUS reporter gene revealed that OsGER4 is mainly expressed in the initiation and emergence
zone of the crown and lateral root, such as epidermal cell, vasculature, and primordial under auxin
treatment condition. Moreover, fewer crown roots of osger4 knockout mutant lines than the wild-type
under auxin treatment suggests that OsGER4 might function as a regulator limiting auxin �ux to root
growth regions under stress conditions. Besides, protein localization experiments con�rmed that OsGER4
localizes to plasmodesmata, which are intercellular channels that could facilitate auxin transport. Our
�ndings suggest that OsGER4 might play a substantial role in regulating plasmodesmata conformation
to regulate auxin �ow resulting in crown root developmental in rice under stress conditions.

Introduction
Rice (Oryza sativa L.) is an essential crop consumed by nearly half of the global population. However, its
cultivation is heavily affected by adverse environmental conditions, such as drought, salt, and
temperature stress, necessitating research into developing novel rice varieties better adapted to these
conditions. The rice root system architecture (RSA) consists of a seminal embryonic root and various
crown roots (CR) radiating from the rice stem base, with lateral roots (LR) found on both of them (Smith
and de Smet 2012). Crown roots constitute the basic framework of the root system for most of the crop’s
life cycle (Meng et al. 2019) and are also inductively produced to help rice adapt to different stress
conditions (Lakehal et al. 2019). Lateral roots develop from primordia initiated at pericycle cells of the
seminal, crown, or lateral roots. They account for the extensive increase in the surface area of the root
system, allowing for e�cient water and nutrient uptake (Dubrovsky and Laskowski 2017). Due to the
signi�cance of crown root development in rice growth and stress response, research on the pathways that
control this process is essential to developing new stress-resistant rice varieties.

Throughout the stages of crown root development, auxin serves as a signi�cant regulator (Overvoorde et
al. 2010). CR primordia initiation occurs at the ground meristem of the rice stem base (Itoh et al. 2005).
Every process starts with auxin transport by a group of active e�ux carriers named the PIN-FORMED
proteins (OsPINs) (Krecek et al. 2009). They are asymmetrically distributed on cells, and the resulting
polarity determines auxin �ow, such as acropetal transport in the stele through the coordinated action of
PIN 1,3,7 (Grunewald et al. 2007). In rice, several PINs were found to be closely involved in CR emergence,
such as OsPIN1b and c in CR primordia and emerged CRs, OsPIN2 in epidermal cells, and OsPIN10a in CR
tips during elongation (Lin and Sauter 2019). All mutants with disruptions in OsPIN expression displayed
CR defects, such as the positive regulator knockout oscrl4 (no CRs) (Kitomi et al. 2008) or the
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overexpressed negative regulator OsRPK1 (underdeveloped CRs lacking LRs) (Zou et al. 2014).
Consequent disruptions in auxin levels are perceived by a complex called TIR1-SCF. The TIR1 subunit
senses the signal and binds with auxin, greatly enhancing the complex’s a�nity for Aux/IAAs
(transcriptional repressors). Upon binding, Aux/IAAs are ubiquitinated and destroyed by 26S proteasome,
which releases the transcriptional activity of different Auxin Response Factors (ARFs) that regulate auxin-
responsive genes (da Costa et al. 2013), including those involved in CR development. For example,
OsCRL1, which is regulated by Auxin Response Factor ARF1, is strictly required for CR initiation (Inukai et
al. 2005; Liu et al. 2005). Another target of OsARF is OsCRL5, which indirectly promotes CR initiation by
repressing cytokinin signaling through OsRR1 (Kitomi et al. 2011). OsRR1 itself can inhibit OsCKX4, a
node that integrates auxin and cytokinin signaling in CR formation, with binding sites for response
regulators of both hormones (ARF25, OsRR2, OsRR3) (Gao et al. 2014). OsCKX4 expression is also
indirectly activated by OsWOX11 (induced by auxin synthesis) through the latter’s inhibition of OsRR2
(Zhao et al. 2009) and promoted during CR elongation by the OsWOX11-OsCRL1 complex (Zhang et al.
2018).

Despite our extensive knowledge of auxin’s role in rice root development, there is a considerable gap in
our understanding of CR primordia initiation at the stem base and subsequent maturation into emerged
CRs, aside from a few studies focused on histological analyses of the stem base, a limited amount of
research focused on the pathways that control this process. As CRs play a critical role in rice
development and stress response, it is necessary to investigate and �ll out the missing gaps in the early
phases of their development. In a previous study, a hypothetical Germin-like protein named OsGER4 had
been discovered to be linked to the induction of CR development in rice under exogenous Jasmonic acid
treatment. OsGER4 was strongly induced in the stem base, and its expression pattern throughout the rice
root system is highly similar to that of the auxin distribution pattern, suggesting a connection with auxin
signaling. This hypothesis was supported by signi�cant changes in the OsGER4 expression pattern when
polar auxin transport was inhibited by NPA treatment. Furthermore, in-silico protein structure analysis
showed that OsGER4 could be localized to plasmodesmata, which are intercellular channels that could
accommodate a novel route of auxin transport (To et al., 2022). In this study, OsGER4’s role in auxin-
mediated rice root development was de�nitively con�rmed. In addition, its localization at the
plasmodesmata suggests the role in regulating the auxin �ow as a stress response resulting in root
developmental changes.

Materials and methods

Plant materials and growth conditions
The osger4 mutant lines and the transgenic promoter lines (promGER4::GUS) were developed in the
Kitaake background according to the process described in a previous study (To et al. 2022). For
phenotyping, mature seeds were dried for two days at 42°C, hydrated to induce germination, then
transferred to glass tubes (22x250mm) containing MS1/2 medium. The tubes were placed in a growth
chamber for seven days at the 16-h (light, 28°C)/8-h (dark, 25°C) light cycle.
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RNA isolation, cDNA synthesis, and quantitative real-time
PCR analysis
Seeds of crl1 knockout mutant rice based on Taichung-65 (TC65) genetic background were gifted by
Prof. Yoshiaki Inukai, Nagoya University (Inukai et al. 2005). Rice seedlings were grown in test tubes
under mock (0 µM JA) or treated conditions (5 µM JA). After seven days, tissue from the stem base was
collected for total mRNA extraction using TRIzol® Reagent (Thermo Fisher Scienti�c, US). The cDNA
library was synthesized using the Maxima® First Strand cDNA Synthesis Kit (Thermo Fisher Scienti�c).
qPCR experiments were performed with a qTOWER³ (Jena Analytik, Germany) using GoTaq® qPCR
master mix (Promega, US). Gene expression levels were normalized to the reference gene (Actin). The
relative gene expression was calculated using the 2 − ΔΔCt method (Livak and Schmittgen 2001).

Phytohormone treatment and phenotyping of plant
materials
In this study, three types of auxins (Indole-3-acetic acid or IAA, Indole-3-butyric acid or IBA, 1-
Naphthaleneacetic acid or NAA) (Sigma Aldrich) were exogenously supplemented in MS/2 medium at a
concentration of 5 µM. Changes in rice root system architecture were assessed by a plasticity index (I)
was calculated as follows: I= (NCR treatment-NCR control)/NCR control.

Histological and anatomical analysis of rice crown root
ProOsGER4::GUS rice seedlings were grown for seven days under control or exogenous auxin treatment
(IAA/IBA/NAA, 5 µM). Samples were incubated overnight with GUS staining solution at 37°C and
processed according to a protocol described by Gallagher (Gallagher 1992). Stem base and root tissues
were �xed in para�n following a previously described protocol (Patel et al. 2016). The stained tissues’
sections (6–10 µm) were performed using a microtome (HM 340E, Thermo Scienti�c).

In-silico prediction of NCR10 structure and function

The complete amino acid sequence of NCR10 was obtained from the NCBI Nucleotide database
(https://www.ncbi.nlm.nih.gov/nuccore/ ). Protein structure and function were predicted using the I-
TASSER webserver (https://zhanglab.dcmb.med.umich.edu/I-TASSER/ ), UniProt
(https://www.uniprot.org/uniprot/), and AlphaFold (https://alphafold.ebi.ac.uk/ ). Protein-substrate
binding interactions were simulated with PyRx AutoDock Vina (v.1.2.0, Scripps Research Institute, United
States) and visualized with PyMOL2 (v 2.0, Schrödinger Inc, United States).

Construction of OsGER4::RFP and AtFH11::GFP
The coding region of OsGER4 was ampli�ed using speci�c primers (OsNCR-attB1-F: 3’-
AAAAAGCAGGCTTCATGGCGAGGGTACAGCTCTG-5’, OsNCR-attB1-R: 3’
AGAAAGCTGGGTGCTTGAACTTGGCCTTGATGGC-5’), then cloned into the pDONOR201 vector (Addgene,
UK). After con�rming the sequence, OsGER4 was transferred to pH7RWG2 Karimi for C-terminal RFP (Red
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Fluorescent Protein) fusion using the Gateway LR clonase (Invitrogen, USA). Similarly, the coding region
of 282 amino acid N-terminus carrying transmembrane domain (TM) of AtFH2, which was previously
reported to be a plasmodesmata-localized protein (Diao et al., 2018), was cloned into pH7FWG2 (Karimi
et al. 2002) using speci�c primers (AtFH2-attB1-F: 3’- AAAAAGCAGGCTTCATGACTACAATACCCTTCTG − 
5’, AtFH2-attB1-R: 3’- AGAAAGCTGGGTGAGACGACGAAGCTGGAGGAG-5’) for C-terminal GFP (Green
Fluorescent Protein).

Localization analysis
The constructs OsGER4::RFP and AtFH11::GFP were introduced to Agrobacterium tumefaciens GV3101
and co-in�ltrated into 4-week-old Nicotiana benthamiana plants using 1-mL needleless syringes (Ma et al.
2012). The agro-in�ltrated plants were kept at 25°C for four days. The localization of OsGER4-RFP was
monitored using a confocal microscope (LSM510 META, Carl Zeiss, Germany).

Statistical Analysis
All presented data are the mean and standard deviation obtained from three replicates. Statistical
differences between groups were checked by Student’s t-test, Wilcoxon signed-rank test, and one-way
analysis of variance with Tukey’s test. All statistical analyses were performed in GraphPad Prism 7.

Results
The OsGER4 promoter contains binding motifs related to auxin and root development.

In this study, three relevant cis-acting regulatory elements (CAREs) were identi�ed in the OsGER4
promoter region: CRL1-box (CACAAC), LBD-box (GCGGCG), and small Auxin box (CATATG) (Fig. 1a). The
�rst one is the binding target of CRL1- a master transcription factor essential for crown root initiation in
rice which was discovered by Gonin et colleagues (Gonin et al. 2022). The second one, or LOB box
(GCGGCG), is the binding target of the LBD transcription factor associated with root development in
Arabidopsis (Husbands et al. 2007). The third one is GMSAUR-box or CATATG, the DNA binding site of
genes traditionally induced by exogenous auxin (Stortenbeker and Bemer 2019). In addition, some
transcriptional factor binding sites, such as the TGTCNN motif, can also be associated with auxin
response were found (Zemlyanskaya et al. 2016). This DNA binding site occurs nine times on the
OsGER4 promoter region (Supplementary Fig. 1).

To investigate the possible involvement of OsGER4’s in the CRL1 signaling pathway under abiotic stress,
OsGER4 expression levels were quanti�ed in the stem base of both crl1 knockout rice and the wild-type
TC65 rice under mock and �ve µM JA treated conditions. As seen in Fig. 1c, in TC65 rice where CRL1 is
intact and functional, the fold change was 2.57 after exogenous JA treatment, consistent that of with
previous �ndings (To et al. 2022), while in the absence of CRL1 acting as a regulator, OsGER4 was not
induced by JA treatment at all. This �nding indicates that OsGER4 is connected to the CRL1 signaling
pathway and reinforces this gene’s involvement in auxin signaling. Moreover, the crl1 knockout mutant
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line exhibited only one seminar root with many lateral roots from this embryonic root in both conditions
implying that JA cannot recover the phenotype (Fig. 1b).

OsGER4 expression pattern in root tissue is signi�cantly altered by exogenous auxin treatment.

Figure 2a shows the root system architecture and OsGER4 expression patterns in rice seedlings, as
reported by GUS, after treatment with three different types of auxin at �ve uM (IAA, IBA, and NAA). All
treatments led to a signi�cantly stronger OsGER4 expression, and crown roots formed in shorter, denser
clusters than control group seedlings. Throughout the stem base, OsGER4 expression was almost
undetectable (Fig. 2b, left). In crown roots, OsGER4 expression was detected in every cell layer,
concentrated strongly at the root tip (columella and lateral caps) and the two dermis layers (epi- and exo-)
(Fig. 2b, middle). Cross sections of lateral roots emerging from crown roots showed a similar trend of
prominent OsGER4 expression at the root tips and in the central vascular tissues, where auxin transport
may occur (Fig. 2b, right). Overall, enhanced OsGER4 expression in response to auxin treatment and its
unique expression patterns in the crown root and lateral roots at initiation and emergence zones
reinforced OsGER4’s involvement with auxin homeostasis, which is essential to rice root development.

OsGER4 knockout signi�cantly affects rice root system architecture under stress conditions.

Figure 3a shows the root system architecture of Kitaake and one representative mutant line osger4-3.1
under normal and auxin treatment conditions. Overall, auxin treatment negatively affects crown root
development in the mutant line, with fewer crown roots produced, most prominently in the case of IBA
treatment. The effect of different exogenous auxins (1 uM) on NCR was illustrated using an NCR
plasticity index (I), calculated as the relative change determined in mutant lines compared to the Kitaake
control (Fig. 3b). A plasticity index value of 1 would indicate that the NCR value had increased by 100%.
As seen in Fig. 3b, the Kitaake control group produced more crown roots than all three osger4 mutant
lines (3.1, 5.2, and 6.1), most strongly under IBA treatment. While the effects of each auxin type on each
mutant line varies, the overall trend is attenuated, but not utterly defunct auxin response in the case of
osger4 mutant line 6.1 under IBA, which suggests that OsGER4 might function as a supporter
downstream of the auxin regulator CRL1, especially under hormonal stress imbalance condition.

Auxin transport inhibition signi�cantly affects CR development in osger4 mutants more than in wild-type
rice.

Figure 4a shows the root system architecture of Kitaake compared to osger4 mutant line 3.1 with and
without polar auxin transport and signaling inhibitor NPA treatment. Under normal conditions, mutant
seedlings produced more crown roots than wild-type ones. This observation was supported by NCR
phenotyping results in the case of osger4 3.1 (Fig. 4b). When auxin transport was inhibited through
exogenous NPA treatment (Fig. 4a), the seminal root of Kitaake rice still produced very short, �ne LRs, but
overall NCR value signi�cantly reduced. In comparison, treated osger4 mutants were signi�cantly more
affected, producing fewer and shorter crown roots in all three osger4 knockout mutant lines. Especially,
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the mutant line osger4 3.1 has 61% fewer CRs than Kitaake rice. Based on these �ndings, OsGER4 may
reorganize auxin �ux at the rice stem base under stress conditions.

OsGER4 is localized to plasmodesmata.

Results obtained from the protein structure prediction web server I-TASSER (Fig. 5a) predicted that
OsGER4 consists of an α–helix at the N-terminal, followed by 12 β-strands of varying sizes, and three α-
helices at the C-terminal. A disul�de bridge was present between residues CYS34 and CYS49. The �rst 24
residues comprised a signal peptide targeting the plasmodesmata while doubling as a transmembrane
helix (4–22), and residues 25–215 included the protein’s cytoplasmic section (Supplementary Table 1).
The tertiary structure consisted of a central barrel-like cupin domain formed from 8 β-strands, with α-
helices distributed near the two termini (Fig. 5a1). The surface representation is shown in Fig. 5a2.
Regarding post-translation modi�cations, there were 2 N-glycosylated residues (ASN52 and 76), one of
which (ASN76) lay on the cupin domain. In-silico predictions using the GPS-SUMO webserver suggested
two sumoylation sites at LYS43 (central cupin domain) and 212 (α-helix), as well as a SUMO interaction
motif (VAL-LEU-GLU-VAL) from residue 124 to 127 (Supplementary Table 1). The tertiary structure was
predicted to dimerize, then trimerize to form a hexamer. Figure 5a3 and 5a4 represents a potential binding
interaction between OsGER4 and an auxin via its central cavity, but the signi�cance of this possibility is
unknown. Consensus predictions with Gene Ontology (GO) terms by I-TASSER produced the following
attributes: Mn2 + ion binding (molecular function); response to stress, cell wall organization (biological
process); cell wall, apoplast (cellular component). These terms suggest that OsGER4’s function could be
related to cell wall modi�cations at the plasmodesmata in the rice root system as part of a stress
response.

OsGER4 localization was assessed in Nicotiana benthamiana leaf cells expressing the 35S: OsGER4:RFP
construct (red signal). Fluorescence microscopy results (Fig. 5b, merge view) indicate that OsGER4 is
exclusively localized to the cell wall in segments, which could be locations where plasmodesmata are
located. As mentioned previously, a preliminary in-silico prediction that OsGER4 targets the
plasmodesmata by a 24 amino acid signal peptide sequence/transmembrane helix at its N-terminal.
Although the degree of overlapping localization is imperfect, several segments exhibiting comparatively
strong �uorescence for OsGER4 and OsFH11 (yellow) were observed (Fig. 5b4).

Discussion
OsGER4 expression is dependent on crown root development regulator CRL1

It has been discovered that CRL1 can transactivate a set of at least �ve rice genes (QHB, OsbHLH044,
OsROP, ROC4, and OsHOX14), of which OsROP and OsBHLH044 are direct targets that are involved in
promoting crown root formation (Gonin et al. 2022). In this study, the OsGER4 promoter region also
contains a CRL1 binding box, and this gene is also involved in crown root development under stress.
Furthermore, the LBD box (GCGGCG) on the OsGER4 promoter region suggests this gene could interact
with LOB domain (LBD) proteins. Interestingly, the master regulator CRL1 is also an LBD protein (Liu et al.
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2005), and it has been demonstrated in planta that CRL1 preferably binds to the LBD box (Gonin et al.
2022), thus reinforcing its potential involvement in OsGER4 regulation during rice root development under
stress. This gene probably interacts with LOB domain TFs that modulate CR formation by regulating cell
division and cell wall modi�cation (Li 2021). The possibility that OsGER4 is a target of CRL1, a regulator
through which auxin can promote rice crown root development in rice, is supported by previous results, in
which OsGER4 was found to be expressed in root initiation or emergence zone regions. These regions
also coincided with the auxin distribution pattern, and signi�cant changes in OsGER4 expression patterns
following the disruption of polar auxin transport with naphthylphthalamic acid (NPA) treatment support
this gene’s involvement in auxin transport (To et al., 2022).

The OsGER4-CRL1-Auxin connection was �nally demonstrated in this study by qPCR results, in which rice
lacking CRL1 was unable to induce OsGER4 under JA treatment compared to TC65 control (Fig. 1c). The
magnitude of this effect is highlighted in Supplementary Fig. 2, which shows the signi�cantly diminished
OsGER4 expression level in crl1 knockout mutants, at approximately 88.3% lower than the control group.
In a previous study, it has been observed that under exogenous JA treatment, OsGER4 is strongly induced,
and an increase in NCR value occurred, though the placement of this phytohormone about auxin
signaling and, by extension, CRL1 is unclear. The results above suggest that while JA signaling strongly
in�uences OsGER4 expression and NCR, both still lie under the control of the crown root development
regulator CRL1.

Overall, OsGER4 promoter sequencing results revealed the presence of motifs closely associated with the
transcription factor CRL1 (regulates various genes associated with crown root development) and
response to auxin (integral to root development), which was con�rmed by qPCR results showing a
dependence of OsGER4 expression on regulation by CRL1, thus supporting OsGER4’s hypothesized role in
rice crown root development under stress.

Close similarities between the OsGER4 expression pattern and auxin distribution pattern suggest its
connection to auxin transport.

OsGER4 expression is signi�cantly enhanced by exogenous auxin treatment (Fig. 2a). Histology results
showed that the OsGER4 expression pattern is characterized by strong localization in the root
development zone, such as developing crown roots, lateral roots, and root tips, and in root vascular
tissues (Fig. 2b). However, throughout the stem base (origin of crown roots), OsGER4 is not expressed at
signi�cant levels, except in primordia that would eventually develop into crown roots. These observations
support the theory that OsGER4 indirectly regulates auxin transport under stress. One point of note is that
there are many similarities between the auxin distribution pattern and the OsGER4 expression pattern in
developing crown roots and lateral roots. For crown roots it was in root cap columella cells and the two
dermis layers (Wang et al. 2018); lateral roots were in the basal cells, stele, and root tip cells (Kawai et al.
2022). Furthermore, the OsGER4 expression pattern in crown roots coincides with that of the polar auxin
transport route in rice roots, in which auxin synthesized by OsYUC8 travels down via stele tissues until it
reaches the central columella cells of the root tip and gets cycled back up through cells of the exodermis,
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facilitated by the transporter OsAUX1 (Huang et al. 2022), which also acts as a promoter of lateral root
initiation (Zhao et al. 2015). This observation is reinforced by previous studies, in which many rice genes
had been shown to display similar expression patterns and subcellular protein localization, such as the
auxin in�ux transporters OsPIN1b (expressed in vascular tissues and crown root primordia in the stem
base that regulates crown root emergence and development) (Xu et al. 2005), and OsPIN2 (expressed in
lateral root tips and primordia, primary root tips, and the stem base) (Wang et al. 2018). This similarity in
expression pattern also extends to transporter proteins in other families, such as OsABCB14 (in stele and
root tips, the enhanced expression following treatment with IAA, Abscisic acid) (Xu et al. 2014), and
OsBG1 (Liu et al. 2015). Overall, OsGER4 showed a close association with auxin transport in rice roots. Its
expression patterns in roots coincide with the auxin distribution pattern and several proteins localized to
the plasma membrane that had been de�nitively proven to be tied to auxin transport.

Crown root defects in osger4 mutants under auxin treatment prove this gene’s role in root development
and support its involvement in auxin transport.

Compared to Kitaake rice under normal conditions, the osger4 3.1 mutant produced signi�cantly longer
crown roots that curl up at the tips from mechano-sensing (Fig. 4a). One case with a similar phenotype
involves the acropetal auxin in�ux transporter OsABCB14, whose knockdown leads to mutants less
sensitive to the auxins 2,4-D and IAA, with signi�cantly longer roots under normal conditions (Xu et al.
2014). The increased CR length (Fig. 4a) and number (Fig. 4b) in osger4 knockout mutants compared to
Kitaake under normal conditions suggest that the priorities of auxin transport may have been affected,
with more auxin accumulation at the root tips and stem base. Under exogenous treatment with auxin,
Kitaake root development priorities were shifted, with more crown roots produced at the stem base that
was much shorter and produced a higher percentage of very �ne and short lateral roots. It can be inferred
that the general effect of auxin treatment is a shift of auxin accumulation from the root tip to the stem
base, thus prioritizing NCR over CR length. This was most clearly observed in the case of IBA-treated
Kitaake, which features a markedly denser root mass compared to IAA treatment, as it has been
demonstrated that IBA is more effective than IAA in root initiation (De Klerk et al. 1999), especially lateral
root development (Chun et al. 2003). In osger4 3.1 mutants treated with different auxins, the number of
CRs produced was signi�cantly lower than Kitaake in all cases. This was most clearly observed under
exogenous IBA treatment, in which CR length was also reduced (Fig. 3a). Figure 3b shows the plasticity
index/relative NCR value of 3 different osger4 knockout mutant lines compared to Kitaake under auxin
treatment. It is clear from these results that the loss of OsGER4 severely reduced the ability to increase
crown root numbers in response to auxin treatment.

Exogenous NPA treatment was used to investigate the effects of auxin transport inhibition in rice lacking
OsGER4 and, by extension, the function of this gene. As described above, the loss of OsGER4 exacerbated
the effects of NPA on rice development, with all three knockout mutant lines producing signi�cantly fewer
CRs compared to Kitaake rice (Fig. 4b). This �nding demonstrated that functionally, OsGER4 plays a
de�nite but unknown role in rice CR development driven by auxin signaling under stress. Several proteins
that contribute to polar auxin transport in rice root growth also participate in stress responses, such as
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OsAUX1 and 3 (LR initiation, phosphate and metal stress) (Feng et al. 2022) and OsPIN10a (CR
development, drought stress) (Balzan et al. 2014). Thus, it is not unlikely that the OsGER4 signaling
pathway could be connected to one or multiple proteins of the AUX and PIN families through a protein
responsive to changes in auxin levels caused by polar transport.

Based on the substantial amount of evidence supporting the involvement of OsGER4 in regulating auxin
distribution during root development (e.g., increased OsGER4 expression following auxin treatment,
reduced sensitivity to auxin of osger4 mutants, notably altered root system architecture compared to wild-
type rice), and its similarities to several well-studied proteins, it is likely that OsGER4’s function is
connected to auxin transport, possibly associated with plasmodesmata, which are intercellular channels
that connect adjacent plant cells.

Once localized at plasmodesmata, OsGER4 could regulate auxin passage through these channels.

How OsGER4 performs its function is unclear, but the encoded protein does possess an N-terminal signal
peptide localized to plasmodesmata. These cytosolic bridges allow molecules to move between adjacent
plant cells, ranging from small photosynthetic products to even mRNA and transcription factors. Protein
localization analysis in Nicotiana benthamiana leaf cells revealed that OsGER4 was exclusively found in
the plant cell wall, in distinct segments that resemble the distribution of plasmodesmata, similar to that
of the Plasmodesmata protein OsPDLP1a, and con�rmed by overlap (yellow) with the plasmodesmata
marker OsFH11 (green). Many different phytohormones can diffuse through the Pd as part of their
signaling pathway (Han and Kim 2016), such as salicylic acid (Shah and Zeier 2013), MeJA (Thorpe et al.
2007), and cytokinins (Bishopp et al. 2011). In a study on the A. thaliana mutant gsl8, it was found that
auxin diffusion through the Pd could be enhanced by reducing callose (a cell wall polysaccharide)
deposition at the narrow neck regions of Pd to increase permeability (Han et al. 2014). Another study in A.
thaliana leaves concluded that Pd permeability could be regulated within a plant cell, and the resulting
directionality of diffusion can affect tissue-speci�c auxin distribution patterns (Gao et al., 2020).
Similarly, it was discovered in A. thaliana roots that auxin could travel through Pd to modify the auxin
distribution pattern (created by e�ux and in�ux carriers), thereby enabling its re�ux and accumulation at
the root tips (Mellor et al. 2020). Furthermore, regulating Pd permeability also shapes root architecture
(Mellor et al. 2020). Aside from its plasmodesmata targeting signal peptide, OsGER4 has also been
predicted to possess two sites for SUMOylation and 1 SUMO interaction motif, which could be related to
its interaction with Pd, as a previous study in CMoV had shown that both of these attributes are required
for e�cient Pd targeting of the ORF4 movement protein (Jiang et al. 2021). Thus, according to our results
and existing relevant bibliography, OsGER4 may be a supporter protein associated with Pd-mediated
auxin transport as a stress response mechanism in rice roots. Regarding the processes are underlying.

Assuming that OsGER4 regulates transport through plasmodesmata, we hypothesized that it in�uences
the auxin �ow by blocking Pd at sites of auxin accumulation, thus indirectly promoting two processes
dependent on high auxin concentrations in rice roots: initiation and elongation. With a �xed amount of
available resources and auxin under stress, there is a trade-off in the rice root system between either
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producing more roots (initiation) or increasing existing root length (elongation). In our experiments on rice
seedlings, it is worth noting that CR initiation and development in the stem base always occur before CR
elongation and LR initiation, shifting priorities towards generating CRs which could account for the higher
number of CRs in osger4 knockout mutants compared to Kitaake. Under an imbalance of auxin caused
by exogenous treatment (stress), osger4 mutants could not produce more crown roots, possibly due to
their inability to adequately build up auxin at the stem base. While auxin treatment has been found to
promote root initiation, we must also consider that without plasmodesmata-mediated transport and
re�ux, auxin cannot build up su�ciently at growth sites with just in�ux and re�ux proteins (Mellor et al.
2020). Therefore, the need to e�ciently retain auxin at the stem base, which OsGER4 is hypothesized to
play a part in through plasmodesmata regulation, becomes critical when auxin imbalances occur due to
stress. This is most clearly seen in the case of treatment with the auxin transport inhibitor NPA in osger4
3.1 (Fig. 4B).

Conclusion and perspectives
In conclusion, the results obtained from this study have con�rmed de�nitively that OsGER4 plays a role in
the development of crown roots and auxin signaling in rice plants under stress. We’ve also con�rmed that
OsGER4 is localized to plasmodesmata through its N-terminal peptide sequence. Regarding the
signi�cance of this observation, we hypothesized that OsGER4 might function as part of an unknown
auxiliary pathway that regulates the auxin transport through the blockade of plasmodesmata for auxin to
su�ciently build-up at sites of root growth/development, such as the stem base. Further investigations
on correlations between OsGER4 expression, plasmodesmata permeability, and auxin �ow at root growth
sites would help elucidate the exact function of this protein as part of the rice stress response.
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Figure 1

a Transcription factor binding motifs of interest on the OsGER4 promoter region. b Rice root system
architecture of crl1 knockout mutants with and without JA treatment, compared to TC65 genetic
background, scale bar = 1cm. c OsGER4 expression levels in crl1 knockout mutant under JA treatment
compared to TC65 under similar conditions
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Figure 2

a Root system architecture of Kitaake seedlings on the 7th day after treatment with 3 different auxins at 5
μM for each type, scale bar = 1 cm. b Histology of GUS stained stem base and crown roots (longitudinal
and cross sections) from Kitaake seedlings on the 7th day after treatment with 3 different auxins at 5 μM
for each type, scale bar = 500 μm
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Figure 3

a Rice root system architecture of Kitaake and OsGER4 knockout mutant 3.1) under auxin-treated
conditions (5 μM for each type). Scale bar = 1 cm. b NCR plasticity index of wild-type rice compared to
three different osger4 knockout mutants (3.1, 5.2, 7.2) under auxin-treated conditions (1 μM for each
type)
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Figure 4

a Rice root system architecture of Kitaake and osger4 knockout mutant 3.1 under normal and NPA 5 μM
treated conditions,  scale bar = 1 cm. b NCR values of osger4 knockout mutants compared to Kitaake
control under treatment with the auxin transport inhibitor NPA (5 μM). Asterisks represent different levels
of signi�cance as determined by one-way ANOVA and Tukey’s test (**P < 0.01, ***P < 0.001)

Figure 5

a OsGER4 structure predicted by I-TASSER. (1) Overview (2) Surface view, (3) Binding mode between
OsGER4 and NAA, with detected cavities, (4) Surface view of the binding interaction. bCo-localization of
OsGER4:RFP with plasmodesmata (PD) marker AtFH2:GFP in N. benthamiana leaves, scale bars = 10
µm. Arrow indicates the signals that intersect
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