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Abstract
REMORINs (REMs) are a plant-specific protein family, proposed regulators of membrane-associated molecular assemblies
and well-established markers of plasma membrane nanodomains. REMs play a diverse set of functions in plant interactions
with pathogens and symbionts, responses to abiotic stresses, hormone signaling and cell-to-cell communication. In this re-
view, we highlight the established and more putative roles of REMs throughout the literature. We discuss the physiological
functions of REMs, the mechanisms underlying their nanodomain-organization and their putative role as regulators of
nanodomain-associated molecular assemblies. Furthermore, we discuss how REM phosphorylation may regulate their func-
tional versatility. Overall, through data-mining and comparative analysis of the literature, we suggest how to further study
the molecular mechanisms underpinning the functions of REMs.

REMORIN discovery

REMORINs (REMs) were first identified in tomato (Solanum
lycopersicum) and potato (Solanum tuberosum) by Edward

Farmer, Gregory Pearce, and Clarence Ryan in 1989, in a will
of identifying molecular actors involved in the perception of
polygalacturonides (PGAs) by plant cells (Farmer et al.,
1989). PGAs are pectic polysaccharides present in the plant
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cell wall released during wounding and pathogen attack to
sensitize plant defense (Voxeur and Höfte, 2016). By in vitro
phosphorylation assays on isolated tomato and potato
plasma membranes (PMs), Farmer et al. (1989) found that
PGA treatment caused the phosphorylation of a protein of
34 kDa, named Phosphorylated Protein of 34 kilodaltons
pp34. Pp34 was then used as a marker of the plant response
to wounding (Farmer et al., 1991). Unintuitively, the purifica-
tion (Jacinto et al., 1993) and cloning of pp34 (Reymond
et al., 1996) revealed that its sequence turned out to be one
of a hydrophilic protein even though it is tightly bound to
the PM. Pp34 was then renamed REMORIN (later named
StREM1.3 for S. tuberosum REMORIN of Group 1 isoform 3)
in reference to remora or “suckerfish” depicted as attaching
itself to vessels and larger fish described by J.L. Borges in
“Book of Imaginary Beings” (El libro de los seres imaginarios,
J.L. Borges, 1969), and reflecting REM’s ability to bind to the
PM whilst displaying an overall hydrophilic residue profile.
Concurrently to the experiments of Farmer et al., Alliote
et al. isolated a similar protein in Arabidopsis (Arabidopsis
thaliana) termed DNA-binding protein. This gene would be
later known as AtREM1.3 (At2g45820) and was first charac-
terized as a DNA-binding protein due to its highly hydro-
philic nature permitting electrostatic interactions with DNA
and its amino-acid composition similar to Histone 1 pro-
teins (Alliotte et al., 1989).

Genome-wide analyses have shown that the REM family is
specific to the land-plant lineage (Raffaele et al., 2007). REM
proteins present a highly conserved C-terminal domain and
a divergent N-terminal domain, which has been the basis for
their phylogenetic classification into six separate groups
(Raffaele et al., 2007). For example, we count 19 OsREMs in
rice (Oryza sativa) and 16 AtREMs in Arabidopsis.

Since their discovery in the late 1980s, REMs have been
the subject of ever-increasing attention. Be they directly the
subject of studies or found in different screens of “omics”
approaches, REMs are consistently found in a large variety
of academic inquiries, providing grist to the mill to the idea
that they could play a central role in plant development
and adaptation. The first REM protein was identified in po-
tato, which would be later named StREM1.3 for S. tubero-
sum REMORIN of Group 1 isoform 3. REM’s polyanion
binding capacity, originally linked to binding cell wall com-
pounds (Reymond et al., 1996), would be later mitigated by
the discovery of REM’s presence in the inner-leaflet of the
PM.

In this review, we address the different characteristics that
have been described for REMs as well as an overview of the
physiological roles in which REMs may participate. We will
discuss how REMs are anchored to the PM and cluster into
PM nanodomains, how they are phosphorylated and the
subsequent role of these post-translational modifications.
Finally, we provide a number of perspectives on how REMs
should be further studied to better understand the many
physiological conditions involving REMs.

REMs localize in diverse and coexisting
nanodomains
REMs predominantly associate with the PM (Raffaele et al.,
2009a; Marı́n et al., 2012; Jarsch et al., 2014; Konrad et al.,
2014; Perraki et al., 2014). Moreover, isoforms from Group 1
and Group 6 REMs are partially associated with the plasmo-
desmata (PD)–PM in rice and in Solanaceae (Raffaele et al.,
2009a; Fernandez-Calvino et al., 2011; Gui et al., 2014;
Perraki et al., 2018). Nonetheless, translocation into the nu-
cleus upon interaction with a-importins (Marı́n et al., 2012)
and re-localization to intracellular foci upon perception of
an immunogenic epitope of bacterial flagellum (Albers et al.,
2019) have been reported for Group 1 and Group 4 REMs,
respectively. However, the endoplasmic reticulum ER–PM
contact sites observed by bimolecular fluorescence comple-
mentation (BiFC) for StREM1.3 are likely artifactual and
highlight the risk of using the BiFC to study membrane pro-
tein interactions in plants (Tao et al., 2019).

Concerning their PM localization, the identification of
Group 1 REMs in tobacco (Nicotiana tabacum) Detergent-
resistant membrane fractions (DRM; a biochemical counter-
part of membrane sub-compartmentalization) first sug-
gested a lateral organization of REMs into clusters at the
PM (Mongrand et al., 2004). REMs’ co-purification with
DRM appeared to be dependent on the presence of phytos-
terols as this co-purification was not reported in the sterol
methyl-transferase mutant smt1 albeit still present in the
DRM fraction in the sterol glycosylation mutant ugt80A2;B1
(Zauber et al., 2014).

In relation with the above biochemical data, electron mi-
croscopy immunolocalization, stimulated-emission depletion
microscopy and photoactivated localization microscopy
studies have all showed that Group 1 REMs organize into

ADVANCES BOX

• REMs are a plant-specific membrane-bound
protein family involved in response to biotic
(bacteria, viruses, fungi, oomycetes,
mycorrhizae) and abiotic stresses (cold,
mannitol, salt. . .), as well as developmental
cues.

• REMs are strongly embedded in the inner-
leaflet of the plasma membrane by an
unconventional mechanism involving anionic
lipids and sterols.

• REMs are proposed as nanodomain-organizing
proteins.

• REMs are highly phosphorylated proteins
containing putative intrinsically disordered
regions, which likely play a role in scaffolding
protein complexes.

• REMs regulate cell-to-cell connectivity through
PD.
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nanodomains around about 70–90 nm in diameter in
Arabidopsis and Solanaceae species (Raffaele et al., 2009a;
Demir and Horntrich, 2013; Gronnier et al., 2017). Members
of other groups in Arabidopsis and Medicago truncatula are
organized in PM domains that can be distinguished in den-
sity, size, and shape (Jarsch et al., 2014). Interestingly, evolu-
tionary distant REMs (belonging to distinct groups e.g.
Groups 1 and 6) localize in separate nanodomains suggest-
ing that distinct REMs cluster into separate domains to play
independent functions (Jarsch et al., 2014; Bücherl et al.,
2017). It must also be noted that not all REMs are found in
DRM-fractions of different plant tissues (Stanislas et al.,
2009; Keinath et al., 2010; Srivastava et al., 2013; Takahashi
et al., 2013) hinting at a diversity of REM-associated PM
domains.

Mechanisms of REMs association to PM
nanodomains
A number of works have been performed to understand
how highly hydrophilic REMs could be tightly anchored to
the PM and the molecular interactions leading to the clus-
tering of REMs into nanodomains. REMs are anchored to
the PM inner-leaflet via the unconventional lipid-binding
motif called REMORIN C-terminal Anchor (REM-CA;
Raffaele et al., 2009a; Perraki et al., 2012; Konrad et al., 2014;
Gronnier et al., 2017). In the past few years, several molecu-
lar determinants regulating REMs’ nanodomain organization
have emerged mostly for Group 1 and 2 REMs and need to
be further studied to fully understand the diversity of REMs’
clustering (Jarsch et al., 2014). There are at least four deter-
minants: the lipid-binding properties of REM–CA domain,
REM–CA S-acylation, REM–REM oligomerization, and REM–
cytoskeleton interactions. Here, we review the knowledge
obtained to explain the molecular mechanisms at play.

The unconventional membrane-anchoring REMORIN C-ter-

minal anchor domain (REM-CA) and S-acylation

REMs do not contain target-peptides or transmembrane
domains (Raffaele et al., 2007) and attach to the PM inde-
pendently of the conventional secretory pathway (Gui et al.,
2015; Gronnier et al., 2017). StREM1.3, SYMREM1 (also
termed MtREM2.2) as well as AtREM1.2, AtREM1.3,
AtREM4.2, AtREM6.1, and AtREM6.4 have been described to
be strictly PM localized thanks to their REM-CA moieties
(Raffaele et al., 2009a; Lefebvre et al., 2010; Perraki et al.,
2012; Raffaele, 2013; Jarsch et al., 2014; Konrad et al., 2014;
Gronnier et al., 2017). In the case of StREM1.3, the last 28
amino acids (i.e. REM-CA) partially folds into an alpha helix
in the presence of phosphatidylinositol-4-phosphate (PI4P)
and sitosterol and also inserts itself into the hydrophobic
core of the bilayer (Gronnier et al., 2017). This is driven by
protein–lipid interactions between the REM-CA and the
PM’s inner-leaflet lipids: negatively charged phosphoinositi-
des (PIPs), notably PI4P, and sterols, notably sitosterol
(Raffaele et al., 2009a; Legrand et al., 2019), (Figure 1). REM-
CA binds to PI4P with a yet unknown stoichiometry

through its Lysine/Arginine residues via electrostatic interac-
tions. Association of StREM1.3’s REM-CA with negatively
charged phospholipids regulates its nanodomain organiza-
tion (Gronnier et al., 2017).

In mammals, PIPs have been reported to possess the abil-
ity to cluster in vivo to form nanodomains (van den Bogaart
et al., 2011). In vitro, cholesterols are found in the vicinity of
saturated phospholipids rather than unsaturated ones
(Engberg et al., 2016). This mechanism creates a so-called
liquid-ordered domain in the lipid bilayer. In plants, the fact
that PIPs bear mostly saturated acyl-chains suggests that
phytosterols may also actively participate in the formation
of nanodomains (Furt et al., 2010). REMs could be either tar-
geted to pre-existing lipid-mediated nanodomains or partici-
pate in the organization of their own lipid environments.
Both the latter and former possibilities for REMs’ association
to PM nanodomains still remain open questions.

The presence of cysteine residues in the REM-CA of many
REMs raises the possibility of membrane association due to
S-acylation. AtREM1.2 was the first REM found to be S-acyl-
ated (Hemsley et al., 2013). AtREM1.2 and AtREM6.4 lost
strict-PM localization when their REM-CA cysteine residues
were substituted by alanine residues (Konrad et al., 2014).
Altered localization when S-acylation is abolished via 2-bro-
mopalmitate is also observed with the rice REM OsREM6.6
(Gui et al., 2015). This is reminiscent of the relocalization ob-
served for the S-acylation site mutant NbREM1.1C206A to
RFP-ATG8e-tagged vesicles (Fu et al., 2018). It is important
to note that NbREM1.1C206A is no longer organized in nano-
domains, nor co-purifies with the DRM biochemical fraction
(Fu et al., 2018). Yet for SYMREM1, the cysteine substitution
does not reduce its PM localization and does not change its
segregation pattern in the PM, hinting to a more complex
PM association mechanism. Altogether, all of the above-
mentioned data highlight the importance of the REM-CA as
a determinant of REM’s general membrane affinity as well as
REM’s organization within these membranes. Interestingly,
many REMs do not have predicted S-acylation sites in their
REM-CA (Konrad et al., 2014; Gronnier et al., 2017), suggest-
ing a degree of diversity in the mechanisms regulating REMs’
PM targeting and nanodomain organization.

REM oligomerization

REM oligomerization is highly important for its targeting
and function. REMs were first proposed to form oligomeric
structures. The first evidence of oligomerization was
reported in Bariola et al. (2004) where the group 1 REM
coiled-coil domain was described to participate in the for-
mation of REM oligomers. Electron microscopy and glutaral-
dehyde crosslinking assays evidenced REM multimerization
via the C-terminal region of two Group 1 REMs i.e.
StREM1.3 and SlREM1.2 (Bariola et al., 2004). Bariola et al.
(2004) proposed via analytical ultracentrifugation of recom-
binant proteins and cross-linking experiments on isolated
PM that Group 1 REMs associate into dimers, tetramers, or
higher order oligomeric structures via their coiled-coil
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domains. Alternatively, Perraki et al. (2012) developed the
hypothesis that StREM1.3 would trimerize either before or
after the anchoring event at the PM. This hypothesis was
upheld by gel filtration assays with the Escherichia coli puri-
fied 6His-tagged full-length StREM1.3 protein (Perraki et al.,
2012). The exact order of oligomerization of REMs in planta
is still lacking (Jaillais and Ott, 2020).

In our current view, StREM1.3 is homo-trimeric in solution
bundling three REM-CA domains together (Bariola et al.,
2004; Martinez et al., 2018). This trimeric hypothesis was fur-
ther developed in Martinez et al. (2018) upon in silico
modeling confirmed by solid-state nuclear magnetic reso-
nance (NMR) in conjunction with cryo-electron microscopy
(cryo-EM) and in vivo observations of mutations in the
coiled-coil domain that impair PM association (Figure 1).
These in vivo observations seem to corroborate the hypoth-
esis that in a minimal state, the trimeric form is necessary
for PM anchoring. Cryo-EM further revealed a possible lat-
eral association of the trimeric REMs in the presence of an
N-terminal 6His-tag (Martinez et al., 2018), yet the presence
of a 6His-tag may also alter the oligomeric behavior of pro-
teins (Amor-Mahjoub et al., 2006). This casts a doubt on
the in vivo relevance of the trimer of StREM1.3 observed by
gel filtration (Perraki et al., 2012). In any case, the existence
in vivo of homo-oligomers and higher order oligomers has
not been invalidated by the latest data. The formation of
higher order oligomers, i.e. oligomers of trimers, as a means
to drive nanoclustering cannot be excluded but has yet to
be tested. Interactions between neighboring REM trimers are
likely to further stabilize nanodomain clustering.

Group 1 AtREMs have been found to form oligomers in a
large-scale study of PM protein oligomerization in leaves
(McBride et al., 2017). AtREM1.2, AtREM1.3, and AtREM1.4
were predicted to form oligomeric complexes according to
their ratio of the calculated mass to the apparent mass
(Rapp) score, which calculates a ratio between the predicted
molecular mass of the monomer and the measured molecu-
lar mass of the complex in which the protein is found.
AtREM1.2, AtREM1.3, and AtREM1.4 were found in different
complexes to have a ratio of the calculated mass to the ap-
parent mass scores (Rapp) ranging on average from 35 to 60
for AtREM1.2, 25 for AtREM1.3, and 30 to 95 for AtREM1.4
(McBride et al., 2017). These data may suggest that in addi-
tion to being homo-oligomerized, Group 1 REMs are also
forming multiprotein complexes. This idea has already been
suggested in the literature, notably in Lefebvre et al. (2010)
where REMs are compared to caveolins considering the
common properties they share: small, oligomeric, lipid raft-
associated scaffold proteins that can form filamentous
structures.

REM association with the cytoskeleton

In the seminal work of Jarsch et al. (2014), filamentous ex-
clusion zones observed at the surface of the PM have sug-
gested that REMs could be associated with the cortical
cytoskeleton. A localization dependent on microtubule

Figure 1 StREM1.3-enriched PM nanodomains based on structural
analysis. A, Sequence features of all REMs with IDR domain at the N-
terminal highly variable in length, and a REM-C domain composed of
a coiled-coil region (CC) and the REM-C-terminal anchor (REM-CA).
B, StREM1.3 (blue) clusters at the PM’s inner leaflet into nanodomains
(red rectangle) enriched in phytosterols and phosphoinositides PIPs,
the most common being sitosterol and PI4P (Palta et al., 1993; Furt
et al., 2010, 2011; Gronnier et al., 2017; Legrand et al., 2019). The over-
all REM orientation is likely to be perpendicular to the membrane
plane to minimize steric hindrance, though the precise angle distribu-
tion is unknown. Lipids herein are more ordered than the bulk of the
PM and the membrane therefore is slightly thicker even though the
PM’s complex composition may greatly attenuate this tendency
(Gronnier et al., 2018, Legrand et al., 2019). C, StREM1.3 forms homo-
trimers through a CC (Martinez et al., 2018) bundling together three
REM-CAs (Gronnier et al., 2017) and three IDRs bearing phosphoryla-
tion sites (Perraki et al., 2018). REM-CA binds to PI4P through electro-
static interactions involving, notably, positively charged amino-acids
K192 and K193, as proposed in the right panel by molecular dynamics
(Gronnier et al., 2017). The most C-terminal part (region 2) of REM-
CA is embedded inside the inner leaflet, as supported by solid-state
NMR and molecular dynamics (Gronnier et al., 2017). Nanodomain-
associated PIPs enriched in saturated acyl chains and sitosterol (Furt
et al., 2010). The left panel shows hydrophobic contacts between the
three L155 residues (red), which are critical to the CC structure, sup-
porting membrane-association (Martinez et al., 2018). Membrane
binding is accompanied by an enrichment in PI4P and sitosterol in the
vicinity of the binding site (Legrand et al., 2019). A relative impoverish-
ment in such lipids in the surrounding bulk membrane would there-
fore be a logical consequence. Note here that only REM molecules are
presented, and the other PM proteins are omitted.
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polymerization has been reported: the microtubule depoly-
merizing drug oryzalin lead to a smoother localization, i.e.
REMs was not clustered in nanodomains (Szymanski et al.,
2015). Moreover, AtREM6.6, which localizes at fibrillar struc-
tures and to PM domains, has been shown to be affected in
its fibrillar localization by oryzalin treatment (Jarsch et al.,
2014; Konrad et al., 2014).

This interplay between the cortical cytoskeleton and PM
nanodomains fits with the “fences and pickets” paradigm
(Kusumi et al., 2012), where REMs could play a role as a pu-
tative scaffold protein. This interplay with actin has been
further demonstrated for other REMs, such as SYMREM1.
SYMREM1’s association to PM nanodomains is destabilized
by the actin depolymerizing drug, latrunculin B, yet not by
the microtubule depolymerizing drug, oryzalin. SYMREM1’s
presence at the PM is also essential for the establishment of
FLOTILIN4-LYK3 domains that are dependent on the con-
tact between FLOTILIN4 and the actin cytoskeleton (Liang
et al., 2018; see Figure 2B). The rice Group 6 REM,
OsREM6.6 (or GSD1 for grain setting defect 1, see below),
associates with the actin cytoskeleton. Treatment with cyto-
chalasin D (a potent inhibitor of actin polymerization)
completely disrupted the punctate localization pattern of
AtREM1.2 and AtREM1.3 to a more uniform distribution
with smaller punctate patterns of lower intensity (Szymanski
et al., 2015). Additionally, AtREM1.2 associates with the actin
cytoskeleton under viral infection (Cheng et al., 2020). These
data reveal the strong relationship between REMs’ anchoring
to the PM and the actin cytoskeleton, although the func-
tional mechanism remains to be tackled.

The biological functions of REMs

Established functions of REM proteins
Plant–microbe interactions

Numerous studies have reported the implication of REMs in
plant interactions with microorganisms.

Viruses. The first REM implicated in the context of viral in-
fection is StREM1.3. Its overexpression limits the cell-to-cell
movement of Potato Virus X (PVX), and its underexpression
(RNAi lines) accelerates PVX movement (Raffaele et al.,
2009; Perraki et al., 2018). A general effect on the REM-
dependent gating of PD has also been shown in the pres-
ence of viral movement proteins, such as 30K from the
Tobacco Mosaic Virus (TMV) or Hc-Pro from the Potato
Virus Y (PVY; Perraki et al., 2014). In addition to limiting
PVX cell-to-cell movement, StREM1.3 also limits TMV cell-
to-cell propagation (Perraki et al., 2018). The overexpression
of StREM1.3 does not impair the silencing suppressor activ-
ity of the PVX-encoded TRIPLE-GENE BLOCK protein 1
(TGBp1; Perraki et al., 2012), but rather induces the increase
in callose accumulation at PD pit-fields (Perraki et al., 2018).
Furthermore, StREM1.3’s capacity in hindering PVX cell-to-
cell movement is abolished when REM-CA is mutated,
thereby modifying its targeting to the PM (Gronnier et al.,
2017). Additionally, StREM1.3 physically interacts with the

PVX movement protein TGBp1 with or without an impaired
REM-CA domain (Perraki et al., 2012).

Perraki et al., (2018) showed that PVX-activated kinases
are responsible for StREM1.3’s phosphorylation potentially
on residues S74/T86/S91 and that expression of the phos-
phomimetic, but not the phosphoablative mutant of
StREM1.3 hampers virus cell-to-cell propagation to similar
levels with the wild type. Importantly, the calcium-
dependent protein kinase AtCPK3, which could phosphory-
late StREM1.3 in vitro, could also restrict PVX cell-to-cell
movement in a REM-dependent manner. In vitro, the
StREM1.3 phosphomutants are not phosphorylated by
AtCPK3 (Perraki et al., 2018). This suggests that an AtCPK3
ortholog in potato could potentially regulate StREM1.3
in vivo for anti-viral defense. Moreover, the phosphorylation
mutants impact the localization of REM at PD and on cal-
lose deposition, associating phosphorylation status, protein
mobility, PD permeability and cell-to-cell viral propagation
(Perraki et al., 2018; Figure 2A).

Solanaceae Group 1 REMs have also been studied in the
context of Tenuivirus infection. Nicotiana benthamiana
NbREM1.1 and NbREM1.2 degrade during Rice Stripe Virus
(RSV) infection in consequence to the interference of the
RSV-encoded protein, NSvc4. The degradation of NbREM1.1
and NbREM1.2 via the autophagy pathway leads to RSV cir-
cumventing NbREM1-associated resistance (Fu et al., 2018).
In contrast, a recent study has underlined the effect of the
tobacco REM NtREM1.2 on the cell-to-cell movement of a
Tobamovirus, the Tomato Mosaic Virus (ToMV; Sasaki et al.,
2018). ToMV infection and the overexpression of ToMV
movement proteins separately affect NtREM1.2’s localization
by inducing its aggregation at the PM. Dissimilarly to
StREM1.3, which is known to localize in a patchy pattern at
the PM and is present in PM nanodomains, NtREM1.2 local-
ized in a uniform fashion throughout the PM regardless of
N-terminal or C-terminal fusion to fluorescent tags.
Considering the high sequence conservation of the C-termi-
nal region, this suggests that the N-terminal region is in-
volved in NtREM1.2’s characteristic localization. Interestingly,
NtREM1.2 interacts and colocalizes with ToMV’s 30-kDa
movement protein at PD. Agrobacterium tumefaciens-medi-
ated transient expression of NtREM1.2 slightly increases
ToMV infection foci size (Sasaki et al., 2018). Moreover, in
ToMV infected cells, NtREM1.2 aggregates occur close to tu-
bular ER structures and are associated with ToMV’s 30-kDa
movement protein bodies that appeared to be linked to the
ER-Actin network (Sasaki et al., 2018). Finally, Arabidopsis
AtREM1.2 has been proposed to play a role in Turnip
Mosaic Virus (TuMV) cell-to-cell movement by competing
with the TuMV protein VPg in the actin-dependent regula-
tion of PD aperture (Cheng et al., 2020).

Group 4 REMs have been reported as positive regulators
of viral infection. AtREM4.1 and AtREM4.2 are susceptibility
factors during Beet Curly Top Virus (BCTV) and Beet Severe
curly Top Virus (BSCTV) infection. This was shown using sin-
gle- and double-knock-out (KO) and overexpressing lines for
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Figure 2 Proposed model for REM-mediated signaling. A, Group 1 REM in N. benthamiana. Proposed model for the molecular mechanisms in-
volved in the StREM1.3-dependent limiting of PVX cell-to-cell movement according to the data from (Raffaele et al., 2009; Perraki et al., 2012,
2018; Gronnier et al., 2017). Perception of PVX leads to the production of a calcium burst that activates a group 2 calcium-dependent protein ki-
nase (here CPK3), which in turn phosphorylates group 1 REMs. Group 1 REMs’ phosphorylated state increases their PM mobility, and they interact
with phospho-REM interacting proteins (RIP). These interactions cause an increase in callose deposition at the PD. B, Group 2 REM in M.
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AtREM4.1 and AtREM4.2. This effect of Group 4 REMs on
geminiviral infection could be linked to SnRK1, an important
positive regulator of plant stress involved in antiviral de-
fense, which could phosphorylate AtREM4.1 in vitro (Son
et al., 2014).

Bacterial symbiosis. The Group 2 REMs merely constituted
of a C_domain (c.f. Figure 1A; Raffaele et al., 2007) have
been characterized by their role in the establishment of in-
fection threads (IT) during the symbiosis of M. truncatula
and Lotus japonicus with Rhizobiaceae family bacteria by
participating in the formation of root nodules (Lefebvre
et al., 2010; Tóth et al., 2012). SYMREM1 is specifically
expressed in M. truncatula roots and nodules with expres-
sion strongly induced by Nod factor treatment (Lefebvre
et al., 2010), which are lipo-chitooligosaccharides produced
by symbiotic bacteria to initiate symbiosis (Oldroyd, 2013).
Furthermore, SYMREM1 knock-down lines strongly reduce
nodule establishment and growth (Lefebvre et al., 2010).
Analogously, the overexpression of Group 2 REM
LjSYMREM1 significantly increases the number of nodules
per root in L. japonicus, establishing these orthologs as key
players for symbiosis in legumes (Tóth et al., 2012). In this
context, SYMREM1 has been further characterized at the
molecular level. It has been described as a scaffold protein
due to its interaction with three receptor-like kinases (RLKs)
essential for nodule establishment and maintenance i.e. NFP,
DMI2, and LYK3 (Lefebvre et al., 2010). This could be a
recruiting process of RLKs to specific nanodomains to initi-
ate IT along with FLOT4 (Liang et al., 2018). SYMREM1 is
believed to stabilize the interactions between FLOT4 and
both Nod factor perception NFP and LysM-receptor like ki-
nase LYK3, which would prevent the RLKs’ endocytosis and
ensure nodulation-promoting signaling (Liang et al., 2018;
see Figure 2B).

Fungi and oomycetes. REMs have been implicated in interac-
tions with filamentous pathogens/symbionts. StREM1.3 has
long been established as a marker of Phytophthora infestans
extrahaustorial membrane (EHM; Lu et al., 2012; Bozkurt
et al., 2014). StREM1.3 labels haustoria approximately 50% of
the time and specifically labels noncallosic haustoria
(Bozkurt et al., 2014). Moreover, the overexpression of
StREM1.3 in N. benthamiana and tomato increases suscepti-
bility to P. infestans infection (Bozkurt et al., 2014). The

precise role of StREM1.3 during P. infestans infection has yet
to be precisely determined. Interestingly, recent studies
show the specific recruitment of PIPs to the plant–pathogen
interfacial membrane during fungal infection (Qin et al.,
2020). Different PIPs are enriched at the EHM.
Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is dynami-
cally upregulated at powdery mildew infection sites and
recruited to the EHM, whereas PI4P is absent in the EHM.
Furthermore, the depletion of PI(4,5)P2 in the pip5k1 pip5k2
mutant lines inhibits fungal pathogen development and
causes disease resistance, independent of cell death-
associated defenses, involving impaired host susceptibility.
The fact that REMs both bind to PIPs and are involved in
immune responses to fungi incites a detailed examination of
the link between these two observations in future work.

The first report of a possible implication of REMs in
plant–fungal interactions was a maize (Zea mays)
ZmREM6.3 that was found in a quantitative trait loci analy-
sis for resistance to northern leaf blight caused by the fungal
pathogen Setosphaeria turcica (Jamann et al., 2016). A recent
study further highlighted the importance of REMs in the re-
sistance to fungal pathogens by identifying ZmREM1.3 in a
large-scale proteomic analysis (Wang et al., 2019). The com-
parison between southern corn rust (Puccinia polysora) sen-
sitive- and resistant-maize inbred lines revealed that
ZmREM1.3 protein amount was increased in the resistant
line, whereas it was decreased in the sensitive line. Genetic
approaches (overexpression and KO) confirmed that
ZmREM1.3 mediated maize resistance to P. polysora through
salicylic acid (SA)/jasmonic acid signaling and defense gene
upregulation (Wang et al., 2019).

A recent study shows that the overexpression of tomato
(S. lycopersicum) SlREM1 increases susceptibility to the
necrotrophic fungus Botrytis cinerea (Cai et al., 2020).
Heterologous expression of SlREM1 increased reactive oxy-
gen species accumulation and triggered other cell-death reg-
ulators, suggesting a positive regulatory role of SlREM1 in
programmed cell-death (PCD) and providing clues for un-
derstanding the PCD molecular regulatory networks in
plants.

Hormone signaling and abiotic stress
Rice OsREM4.1 is upregulated by abscisic acid (ABA) treat-
ment via the bZIP transcription factor OsZIP23, which can

truncatula. Constitutively-expressed FLOT4 forms a primary PM-scaffold that is unable to recruit LYK3 in the absence of SYMREM1 (MtREM2.2).
Nod factor (NF) perception by NFP and LYK3 PM-receptors triggers the activation of a symbiosis-specific signaling cascade that leads to the ex-
pression of SYMREM1. Due to its ability to directly bind LYK3, SYMREM1 actively recruits the receptor into the FLOT4 domain. In symrem1
mutants, LYK3 is destabilized and endocytosed upon rhizobial inoculation. Illustrations adapted from Liang et al. (2018). C, Group 4 REM in Oryza
sativa. OsREM4.1 is PM-localized in association with the OsBRI1 (brassinosteroid insensitive)–OsSERK1 somatic embryogenesis receptor kinase 1
complex. Upon elevated ABA levels, the ABA-responsive transcription factor OsbZIP23 basic leucine zipper is activated and upregulates the
OsREM4.1 expression. OsREM4.1 interacts with OsSERK1 and interferes with OsBRI1–OsSERK1 active complex formation, therefore repressing the
BR signaling initiation. Increased BR levels cause the binding of BR to the extracellular domain of OsBRI1 and the activation of Os BKI1 BRI1 kinase
to phosphorylate OsREM4.1. The phosphorylated OsREM4.1 has lower binding affinity to OsSERK1, and therefore the OsREM4.1–OsSERK1 com-
plex is dissociated. Therefore, OsSERK1 is able to interact with OsBRI1 to form the OsBRI1–OsSERK1 receptor kinase complex and activate BR sig-
naling. OsREM4.1 function is similar to BKI1, which upon BR binding to BRI1, is phosphorylated and released from the PM, allowing the formation
of the BRI1/SERK1 complex. Illustrations are adapted from Gui et al. (2016).
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bind the OsREM4.1 promoter. The OsREM4.1 overexpression
inhibits brassinosteroid (BR) signaling by inhibiting OsSERK1
and OsBRI1 complex formation. This REM effect is under-
mined by the phosphorylation of REM. Under high BR con-
centrations, BR stabilizes the OsSERK1/OsBRI1 complex,
which activates the phosphorylation of OsREM4.1 by
OsBRI1, thereby reducing OsREM4.1’s affinity for OsSERK1
and enabling the BR signaling cascade. This signaling system
maintains a dynamic equilibrium between ABA and BR sig-
naling (Gui et al., 2016; Figure 2C). In Arabidopsis, AtREM1.2
and AtREM1.3 organize lipid raft nanodomains in a SA-
dependent fashion. Indeed, by interaction with GRF10, both
REMs participate in PD closure after SA treatment (Huang
et al., 2019). Moreover, AtREM1.2 is crucial for SA-induced
asymmetric auxin flux during root gravitropic response as
well as for the regulation of clathrin-mediated endocytosis
(Ke et al., 2020).

The tomato SlREM1.2 has recently been shown to be in-
volved in fruit ripening by interacting with ethylene biosyn-
thesis proteins. The overexpression of SlREM1.2 upregulates
key genes involved in ethylene biosynthesis, lycopene biosyn-
thesis and ripening regulators, resulting in an effective in-
crease in the ethylene and lycopene content of fruit (Cai
et al., 2018).

The functional characterization of a mulberry (Morus ind-
ica) Group 1 isoform MiREM1 evidenced its transcriptional
upregulation under a number of abiotic stresses and hor-
mone treatments. The gain of function via the heterologous
overexpression of MiREM1 in Arabidopsis conferred resis-
tance to salt stress and drought (Checker and Khurana,
2013).

The Group 6 REM SiREM6 (Setaria italica, fox-tail millet)
is transcriptionally up regulated under salt, cold, ABA, and
osmotic stress. Yet, this upregulation is weakly observed un-
der drought stress, and the SiREM6 overexpression does not
impact drought tolerance. The SiREM6 overexpression in
Arabidopsis increased germination rate and seedling biomass
as well as seedling survival under salt stress. These character-
istics are linked to an increase in proline content and a re-
duction in electrolyte leakage. Additionally, the
overexpression of SiREM6 in Arabidopsis enhances sensitivity
to ABA treatment (Yue et al., 2014). In rice, OsREM6.5 is
also highly upregulated during drought stress and ABA
treatment (Wu et al., 2006)

In Populus euphratica, a salt-resistant poplar, PeREM6.5 is
induced by NaCl stress. Interestingly, PeREM6.5 recombinant
protein significantly increases the H + -ATPase hydrolytic ac-
tivity and proton transport activity in P. euphratica PM
vesicles. Yeast two-hybrid assays show that PeREM6.5 inter-
acts with RPM1-interacting protein 4 (PeRIN4). Notably, the
increase of H + -ATPase activity induced by PeREM6.5 is fur-
ther enhanced by PeRIN4 recombinant protein. Finally, the
overexpression of PeREM6.5 in Arabidopsis improves salt tol-
erance. PeREM6.5, by regulating H + -ATPase activity in the
PM, may therefore enhance the plant capacity to maintain
ionic homeostasis under salinity (Zhang et al., 2020).

Cell-to-cell connectivity via PD
The first direct evidence of the implication of REMs in
cell-to-cell connectivity via PD was revealed by the ability
of StREM1.3 to hinder PVX cell-to-cell movement as well
as GFP diffusion in nonvirally-infected plants in N. ben-
thamiana leaf epidermal cells (Raffaele et al., 2009;
Perraki et al., 2012, 2014). REM transcript and protein
levels increased in mature, aging, and senescing tissues, as
well as in “source parts” of tobacco leaves (i.e. the tip of
the leaf), where a majority of mature- and branched-PD
are present (Raffaele et al., 2009b). These results suggest
that tobacco Group 1 REMs predominantly associate
with mature-branched-PD.

The Group 6 REM OsREM6.6 regulates PD permeability in
rice, leading to the filling of the seed. The mutant termed
GSD-1 (grain setting defect 1) shows an altered and ubiqui-
tous expression of OsREM6.6, which is natively only
expressed in phloem companion cells, thereby inducing an
accumulation of starch and free-sugars in the leaf blades
and consequently a reduction of starch accumulation in
grains (Gui et al., 2014).

Data mining toward the putative functions of REMs
Throughout the relatively extensive literature that links
REMs to biological functions (from transcriptomic, proteo-
mic and phosphoproteomic data), several patterns may be
found. Considering the overlapping nature of these types of
events, we summarize those data in Table 1 by grouping
REMs by phylum and by putative function. These links re-
main to be further experimentally confirmed but deserve to
be pointed out to pave the way in understanding the bio-
logical functions of REMs.

Structural and biological implications of REM
phosphorylation
Since the first identification of REM as an in vitro phosphor-
ylated protein, pp34 (Farmer et al., 1989), members of all
REM groups have been detected in phosphoproteomes from
diverse tissues and biological contexts, suggesting phosphor-
ylation as a major in vivo regulatory mechanism of REMs
(see Supplemental Table 1 for a compilation of REM phos-
phoproteomic data). A recent study established the phos-
phorylation pattern of 14 AtREMs in 30 different plant
tissues (Mergner et al., 2020). Apart from this broad-scale
analysis, other studies have shown that, for some residues,
the phosphorylation of REMs is modulated by stress condi-
tions such as flg22 and PGA treatment, nitrogen deprivation,
ABA, H2O2, cold, osmotic, and salt stresses (Benschop et al.,
2007; Kohorn et al., 2016; Menz et al., 2016; Nikonorova
et al., 2018; Wang et al., 2020; see Supplemental Table 1),
suggesting functional roles of phosphorylation that remain
to be explored.

REMs are phosphorylated in vivo mainly at the putatively
intrinsically disordered region (IDR) located in the N-termi-
nal domain (Figure 3; Marı́n and Ott, 2012). IDR regions are
flexible and extended protein segments that provide
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Table 1 Data mining toward the putative functions of REMORINs

Plant species Group of REMs Methods / Stimuli Biological effect(s) Putative associated
function(s)

References

Arabidopsis
thaliana

AtREM1.2 Protein–protein in-
teraction (in vivo
co-purification)

Interaction with
RESISTANCE TO P.
SYRINGAE PV
MACULICOLA 1
RPM1-
INTERACTING
PROTEIN 4 (RIN4)

Bacterial immunity (Mackey et al.,
2002; Liu et al.,
2009; Lee et al.,
2015)

AtREM1.2 Proteomics and
phosphoproteo-
mics / AvrRPM1

Increased protein
amount and
phosphorylation

Bacterial immunity (Widjaja et al.,
2009)

AtREM1.2
AtREM1.3

Protein–protein in-
teraction (in vivo
proximity-depen-
dent biotin identi-
fication BioID)

Interaction with
HopF2bPtODC3000

Bacterial immunity (Khan et al., 2018)

AtREM1.2 AtREM1.3 Proteomics Presence in extracel-
lular vesicles

Immunity (Rutter and Innes,
2017)

AtREM1.3 Phosphoproteomics
/ flagellin (flg22)

Increased
phosphorylation

Bacterial immunity (Benschop et al.,
2007)

AtREM1.3 Transcriptomics /
water deficit, cold,
mannitol, salt
stress

Transcript
upregulation

Abiotic stress (Reymond et al.,
2000; Bray, 2002;
Kreps et al.,
2002)

AtREM1.3 Transcriptomics /
auxin

Transcript
upregulation

Development (Alliotte et al.,
1989)

AtREM1.3 Protein–protein in-
teraction (yeast
two-hybrid)

Interaction with
Arabidopsis
Response-
Regulator 4
(ARR4)

Cytokinin response (Yamada et al.,
1998)

AtREM1.3 Affinity-based chro-
matography en-
richment with
immobilized ergos-
terol/ ergosterol

Interaction with er-
gosterol a fungal
Microbe
Associated
Molecular Patterns
MAMP

Fungal immunity (Khoza et al., 2019)

AtREM4.1 AtREM4.2 Transcriptomics /
drought, osmotic,
salt stress and
ABA treatment

Transcript
upregulation

Abiotic stress (Reymond et al.,
2000; Bray, 2002;
Son et al., 2014).

AtREM6.7 Transcriptomics /
overexpression of
DAYSLEEPER

Transcript
upregulation

Flowering, PD con-
nectivity in the
meristematic
zones

(Bundock and
Hooykaas, 2005)

Curcumis sativus Group 1 and 4
CsREMs

Quantitative trait
loci and transcrip-
tomics /
Podosphaera fusca

Transcript
upregulation associ-

ated with in-
creased fungal
resistance

Fungal immunity (Xu et al., 2017)

Glycine max GmREM4 Transcriptomics /
drought treatment

Transcript
upregulation

Abiotic stress, circa-
dian rhythm

(Marcolino-Gomes
et al., 2014)

Hordeum
vulgare

Group 1 REM Transcriptomics /
gibberellic acid
(GA) and ABA
treatments

Transcript
downregulation

Hormone response (Chen and An,
2006)

Lotus japonicus Group 1 REMs Transcriptomics /
Glomus
intraradices

Transcript
upregulation

Fungal symbiosis (Kistner et al.,
2005)

Oryza sativa OsREM1.5 Transcriptomics /
ABA, BR
treatments

Transcript
upregulation

Hormone response (Lin et al., 2003)

(continued)
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dynamic structural remodeling and protein–protein interac-
tion plasticity (Iakoucheva et al., 2004; Dyson and Wright,
2005; Uversky, 2013). They are often regulated via phosphor-
ylation that may act as a regulatory switch leading to struc-
tural changes such as folding and the sequestration of
binding sites (Bah et al., 2015). Because they facilitate pro-
tein recognition and binding by acting as adaptable interac-
tion surfaces, IDRs are often found in hub proteins that link
interaction networks and integrate signals (Kim et al., 2008).

REMs’ basal and signal-induced phosphorylation regions
could putatively regulate interactions with its protein part-
ners upon stimulus (Figure 3). This, and the fact that REMs
participate in different plant signaling networks, ground the
idea that they act as PM-bound-complex signaling “hubs”
able to interact with many different proteins at specific
times and locations and in response to specific stimuli.
However, little is known about how REMs integrate diverse
signaling cues in plants.

Table 1 Continued

Plant species Group of REMs Methods / Stimuli Biological effect(s) Putative associated
function(s)

References

OsREM5.3 (Long
Panicle 1 LP1)

Quantitative trait
loci

Strongly expressed in
young panicle, as-
sociated with lon-
ger panicle

Panicle size (Liu et al., 2016)

OsREM4.1 Transcriptomics /
overexpression of
Deschampsia
antartica C-repeat
binding factor /de-
hydration-respon-
sive element
binding protein
(CBF/DREB),
DaCBF7

Transcript
upregulation

Stress adaptation,
cold recovery

(Byun et al., 2015)

OsREM6.5 Drought stress and
ABA treatment

Transcript
upregulation

Stress adaptation, (Wu et al., 2006)

Quercus robur QrREM4.1 Transcriptomics /
Piloderma croceum

Transcript
upregulation

Ectomycorrhizal
symbiosis

(Tarkka et al., 2013)

Solanum
tuberosum

StREMa4 Transcriptomics /
Ralstonia
solanacearum

Transcript
upregulation

Bacterial immunity (Kong et al., 2016)

StREMa4 Transcriptomics/
ABA, SA, methyl
jasmonate (MeJa)

Transcript
upregulation

Hormone response (Kong et al., 2016)

Solanum
lycopersicum

SlREM1.2 Tomato plants over-
expressing PHY-
interacting factor
CaPIF1

Transcript
upregulation

Enhanced resistance
to cold stress

(Seong et al., 2007).

SlREM1.2 Proteomics /
Verticillium dahlia

Increased protein
amount during in-
compatible
interaction

Fungal immunity (Hu et al., 2019)

Triticum aestivum 12 members of
TaREM

Transcriptomics /
cold acclimation

Transcript upregula-
tion during early
(7 TaREMs) and
late (3 TaREMs)
cold response,
transcript downre-
gulation (2
TaREM)

Cold adaptation (Badawi et al.,
2019)

Zea mays ZmREM4.1 Transcriptomics /
cold

Transcript
downregulation

Cold sensitivity (Bilska-Kos et al.,
2016).

ZmREM4.1 Transcripts localized
near PD linking
cells from the
Kranz mesophyll
and the bundle
sheath

Transcript
localization

PD connectivity (Bilska-Kos et al.,
2016)
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Only a few studies have drawn links between REM phos-
phorylation and intracellular signaling. Marı́n and Ott (2012)
showed that AtREM1.3 phosphorylation at S66 located in
the IDR led to a reduced affinity for importins in yeast two-
hybrid assays. However, the impact of this phosphorylation
on the structure and subcellular localization of AtREM1.3
remains to be investigated. Furthermore, Gui et al. (2016)
demonstrated the role of OsREM4.1 phosphorylation by
OsBRI1 in activation of the BR signaling pathway (Gui et al.,
2016; Figure 2C). While the phosphosites remain to be iden-
tified, this model connects REM phosphorylation, hormone-
signaling balance and rice development, giving an important
insight on one of the functional roles of REM phosphoryla-
tion in rice. In Perraki et al. (2018), the phosphorylation of
StREM1.3 on residues S74, T86, S91 was essential for its anti-
viral function and dynamic nanodomain association (Perraki
et al., 2018; Figure 2A). Yet, the in vivo phosphorylation at
those sites in response to PVX infection still remains to be
determined.

Although multiple REM phosphosites have been described
in phosphoproteomes or with directed approaches, only few
REM-associated kinases have been identified (see
Supplemental Table 1). A recent large-scale phosphoproteo-
mic study identified 8 Arabidopsis kinases (calcium protein

kinase CPK11, mitogen-activated protein kinase MPK6, open
stomata kinase OST1, sucrose nonfermenting-related kinase
SnRK2.4, salt overly sensitive SOS2, oxidative signal-inducible
OXI1, casein kinase-like CKL2, CT10 regulator of kinase-like
CRKL2) that could phosphorylate, in vitro, AtREM phospho-
peptides generated in vivo (Wang et al., 2020). Additional
kinases responsible for REM phosphorylation have been de-
scribed in rice, N. benthamiana, M. truncatula, L. japonicus,
and Arabidopsis (SnRK1.2, AtCPK3, and various RLKs;
Mehlmer et al., 2010; Tóth et al., 2012; Son et al., 2014; Gui
et al., 2016; Perraki et al., 2018; Albers et al., 2019; see a sum-
mary in Figure 4). However, all these data have been
obtained in vitro and will require further validation. Notably,
in vivo interactions between REMs and protein kinases had
already been reported for some of the kinases identified in
Wang et al. (2020), Tóth et al. (2012), Perraki et al. (2018),
and Albers et al. (2019). These kinases have been reported
to phosphorylate a unique REM or several of them
(Mehlmer et al., 2010; Tóth et al., 2012; Son et al., 2014; Gui
et al., 2016; Perraki et al., 2018; Albers et al., 2019; Wang
et al., 2020; Supplemental Table 1). Interestingly, most of
those kinases are associated with DRMs, (Majeran et al.,
2018) but some of them are putatively soluble, suggesting a
PM recruitment.

Figure 3 Phosphorylation of Arabidopsis REMs occurs mostly at putative intrinsically disordered regions at its N-terminus. Graphs show the in-
trinsic disorder probability on the Arabidopsis REM proteins that were found to be phosphorylated to date by in vivo studies. In vivo phosphoryla-
tion site positions on REM sequences are indicated by an asterisk. Intrinsic disorder predictions were calculated using the protein disorder
prediction (PrDOS) server (http://prdos.hgc.jp/cgi-bin/top.cgi). Coiled-coil predictions were calculated using the COILS program (https://embnet.
vital-it.ch/software/COILS_form.html). REM-CA prediction was estimated based on homology with the REM-CA protein from StREM1.3.
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This protein–protein interaction conferred by regions with
high scores of intrinsic disorder (Raffaele et al., 2007; Marı́n
and Ott, 2012) and phosphorylation (Reymond et al., 1996;
Marı́n and Ott, 2012; Gui et al., 2016; Kohorn et al., 2016;
Perraki et al., 2018; see Figure 3) are characteristics reminis-
cent of scaffold proteins, such as the 14-3-3 family of pro-
teins. This analogy holds on the cases where REMs’
interaction capacity was reported to differ upon phosphory-
lation of either the interaction partner(s) or the REM iso-
form itself (Gui et al., 2016; Liang et al., 2018). GRF10
(General regulatory factor 14-3-3 epsilon) was recently
shown to interact with and mediate AtREM1.2 and
AtREM1.3 interaction (Huang et al., 2019). The 14-3-3 family
proteins are involved in phospho-relay events, preeminently
in facilitating and hindering protein–protein interactions by
binding to the phosphorylated residues of interaction part-
ners (Lozano-Durán and Robatzek, 2015).

Perspectives
The amount of data that has been accumulated since the
cloning of the first REM in 1989 on the characteristics and
the cellular and physiological role of REMs is very heteroge-
neous. Although many articles have shown REM expression
as being related with a number of physiological processes, a
clear role for the REM family has not yet arose. Nevertheless,
many trails have emerged from the 30 years of research on
REMs that show great promise in the search for REMs’ func-
tionalities. One of these functionalities stands out,

considering the multiple instances where REMs are linked to
intercellular connectivity. These instances reinforce the idea
that the establishment of REMs as a genetic family could
have been important for the adaptation of photosynthetic
algae during the land plant invasion that occurred approxi-
mately 475 million years ago (Steemans et al., 2009). Indeed,
the control of water and solute exchanges between cells and
tissues was a major necessary adaptation to handle water
fluxes in dry land. Complex PD along with a complex vascu-
lature necessary for the establishment of root systems and
hormone signaling were the fundamental developments
that enabled adaptation and establishment of embryophytes
(Rensing et al., 2008). Moreover, the fact REMs are involved
in biotic interactions, notably with symbiotic fungi and bac-
teria, is also a clue to their potential involvement in the
conquest of land by plants, considering the hypothetical im-
portance of symbiotic microorganisms in helping the first
rootless land plants to secure nutrients (for review see
Raffaele et al., 2009a; Rensing, 2018). The recent discovery of
Group 1 REMs in a proteomic analysis of Arabidopsis extra-
cellular vesicles may potentially change our view of REM’s
strictly-PM function (Rutter and Innes, 2017, 2018).

Genetics
A major weakness in the functional study of REMs is the
lack of genetic tools. Overall, REM single mutants have not
yet displayed any striking or strong phenotypes, although
AtREM1.2 alone has recently been shown to be involved in

AtREM1.2 AtREM1.3 AtREM4.1MtSYMREM1 LjSYMREM1 NbREM4 OsREM4.1StREM1.3

AtCPK3 LYK3 NFP DMI2 NFR1 SYMRK SnRK1.2 NbPBS1
AtPBS1

OsSERK1 OsBRI1

Geminivirus
infection

Potexvirus
resistance

Root nodule
symbiosis

Bacterial
resistance

ABA/BR
signaling

Interaction & Phosphorylation
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Figure 4 REM proteins are involved in independent signaling pathways and are phosphorylated by different kinases. Schematic representation of
all the known interactions between REM proteins from groups 1, 2, 4, and protein kinases that were described in plant immunity, symbiosis, and
hormonal signaling. Dotted lined arrow (i.e. functional link to be determined) signifies that the given REM and kinases were identified as being in-
volved in the given biological context yet direct experimental data has yet to be established. See text for details.
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SA-dependent gravitropism response (Ke et al., 2020). To
study REMs, the most notable problem is currently the lack
of multiple KO-lines for each isoform, although the genera-
tion of these lines is currently ongoing with the recently
published CRISPR-Cas9 KO-lines for two Group 1 REMs in
N. benthamiana (Fu et al., 2018; Huang et al., 2019) and the
quadruple CRISPR-Cas9 KO-line for all four Group 1 REMs
in Arabidopsis that will soon be available (T. Ott, personal
communication). KO lines for each REM Group will be es-
sential for our understanding of the role played by each
REM Group that could entail not only different possible cel-
lular functions but also different tissue specificities (e.g. Gui
et al., 2014). Nevertheless, we cannot exclude that REMs
from different sub-groups are at least partially redundant or
can functionally substitute for other REMs, even if in the
wild-type situation they fulfill a different function.

Several REM Groups, such as Groups 5 and 3, could con-
sequently become less illusive as to their function. The gen-
eration of KO-lines should be combined with gain-of-
function assays as those undertaken in the characterization
of OsREM6.6 (or GSD1; Gui et al., 2014) and OsREM4.1 (Gui
et al., 2016) to develop true functional approaches in deci-
phering the cellular and physiological purposes of REMs.

Protein–protein interactions
Phosphorylation of REMs is suspected to be involved in pro-
tein–protein interactions (Raffaele et al., 2007; Marı́n et al.,
2012; Figure 2; Supplemental Table 1) reminiscent of scaffold
proteins, notably of 14-3-3 family proteins. Recently, GRF10
was shown to interact with AtREM1.2 and to be crucial for
its partitioning at the PM (Huang et al., 2019). REMs and 14-
3-3 family proteins could indeed co-depend on each other
considering REMs’ interaction capacity varies upon phosphor-
ylation of either the interaction partner(s) or the REM iso-
form itself (Gui et al., 2016; Liang et al., 2018;). In both cases,
the REM isoforms i.e. OsREM4.1 or SYMREM1, interact with
RLKs OsSERK1 (Gui et al., 2016) and LYK3 and NFP (Liang
et al., 2018), respectively (Figure 2B). The interplay between
REMs and RLKs deserves to be further investigated, particu-
larly in view of the recent emerging role of RLK signaling in
PD physiology (Grison et al., 2019; Cheval et al., 2020)

Considering that phosphorylation is at the center of the in-
teraction events recorded for REMs, it seems crucial to develop
phospho-dependent interactomic screens for REMs to under-
stand their function. This type of screen should importantly
be performed under different stress conditions and in different
tissues as REMs’ interactions with its cognate partners appear
to be highly determined by plant development and stress.

The PM’s complexity
Important advancements have recently been established in
the deciphering of the PM-anchoring properties of REMs
(Perraki et al., 2012; Gronnier et al., 2017; Martinez et al.,
2018; Legrand et al., 2019). In as much as REMs are depen-
dent of their C-terminal region or REM-CA for their anchor-
ing to the PM, more must be developed in the
understanding of the exact biophysical properties that

govern this anchoring. Critically, decrypting the determi-
nants of the PM-nanodomain association of REMs is a top
priority, as it has already been shown to be a determining
factor of REM function (Gronnier et al., 2017; Fu et al., 2018;
Ke et al., 2020). In particular, affiliating the presence of
Group 1 REMs in PM nanodomains with their observed ef-
fect on the accumulation of callose at PD pit-fields
(Gronnier et al., 2017; Perraki et al., 2018) raises a critical
question: how does a protein, present in the PM inner-
leaflet, influence enzymatic activities (i.e. callose synthesis/
degradation) occurring in the cell wall or, at best in the PM
outer-leaflet?

Several hypotheses may be explored to answer this ques-
tion: (1) Can Group 1 REMs or their interaction partners
regulate callose synthases or other partners of the callose
synthesis complex present at PD pit-fields to stimulate cal-
lose deposition? (2) Can Group 1 REMs or their interaction
partners regulate the activity or localization of ß-1,3-gluca-
nases? This latter question can be a particularly interesting
hypothesis to investigate considering the different subcellu-
lar and extracellular localizations of ß-1,3-glucanases (for re-
view see Zavaliev et al., 2011). Group 1 REMs could
potentially regulate the extracellular secretion of ß-1,3-gluca-
nases as it was reported in Zavaliev et al. 2013 in response
to SA treatments. Yet, some ß-1,3-glucanases have been
reported to be glycosylphosphatidylinositol (GPI)-anchored
proteins within the PM outer-leaflet associated with PD
(Levy et al., 2007). The enrichment of GPI-anchored proteins
in the DRM biochemical fraction (for review on plant GPI-
anchored proteins see Yeats et al., 2018) licenses the hy-
pothesis that there could be trans-bilayer coupling between
the inner-leaflet PM domains containing REMs and the
outer-leaflet PM domains containing GPI-anchored ß-1,3-
glucanases. In this context, the concept of trans-bilayer cou-
pling refers to the presence of each component in a com-
mon PM domain that spans from one PM-leaflet to the
other. There could therefore be interaction in trans between
inner- and outer-leaflet proteins via the interdigitation of
saturated and/or very-long-chain acyl chains of the lipids
that are present in these PM domains. This functional
mechanism has been demonstrated in animal cells by show-
ing the necessity of long-chain phosphatidylserine species
with at least one long saturated chain to register a GPI-
anchored protein to a lipid–protein complex that virtually
anchored the GPI-anchored protein to the actin cytoskele-
ton (Raghupathy et al., 2015; Skotland and Sandvig, 2019).
The registration hypothesis is supported by the altered
StREM1.3 PM-dynamics under a phosphorylated state
(Perraki et al., 2018), which could be due to the regulation
of StREM1.3’s PM-lateral-segregation via the cortical cyto-
skeleton. This change in REM PM-patterning could affect
the PM-dynamics of PM-outer-leaflet-associated proteins e.g.
GPI-anchored ß-1,3-glucanases. Ultimately, elucidating not
only the protein–protein but also the protein–lipid interac-
tions necessary for REMs’ PM-nanodomain-association con-
stitutes a great challenge that will participate in the
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unfurling of the complex and dynamic molecular mecha-
nisms that govern REMs particular role(s) at the PM.

New methodologies must be developed to study the PM-
based events and interactions. These methodologies should
include: (1) cutting-edge proteomic and lipidomic techni-
ques (e.g. identifying lipids in close interaction with pro-
teins), including phosphoproteomics and the study of
lipidated proteins (myristoylation, palmitoylation, isoprenyla-
tion, and GPI-anchoring; reviewed in Ray et al., 2017); (2)
biophysical tools to study lipid–protein interactions via sur-
face plasmon resonance (e.g. Lenar�ci�c et al., 2017), liposome
binding assays and lipid blotting assays (e.g. Perraki et al.,
2012), solid-state NMR, cryo-electron microscopy, atomic
force microscopy, computational modeling, Langmuir mono-
layer tensiometry, and Fourier transform infrared spectrome-
try (e.g. Gronnier et al., 2017; methods reviewed in Zhou
and Hancock 2018); (3) tools to obtain the structure of
these lipid–protein complexes, for example, by solid-state
NMR; (4) generation of mutants impaired in PM-domain-
association and the use of super-resolution imaging to visu-
alize the in vivo segregation and dynamics of PM-
components, which should be a focus to better understand
the molecular interplay occurring at the protein and lipid
clustering sites that are PM-domains. These important tools
can considerably be assisted by in silico modeling such as
molecular dynamics simulations (for review see
Ulmschneider and Ulmschneider, 2018). Overall, these tech-
niques and methods have been used and described in nu-
merous research articles and reviews that focus on
understanding the function of PM-based proteins (ZHou
et al., 2015, 2017; Gronnier et al., 2018; Maxwell et al., 2018).

Accession numbers
Accession numbers are indicated in Supplemental Table S1.

Supplemental data
Supplemental Table S1. Compilation of phosphoproteomic
datasets on REMs of different plant species.
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Albers P, Üstün S, Witzel K, Kraner M, Börnke F (2019) A Remorin

from Nicotiana benthamiana interacts with the pseudomonas
type-III effector protein HopZ1a and is phosphorylated by the
immune-related kinase PBS1. Mol Plant-Microbe Interact 32:
1229–1242
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