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Summary

The endoplasmic reticulum is a fascinating organelle at the
coreof the secretorypathway. It is responsible for the synthesis
of one third of the cellular proteome and, in plant cells, it
produces receptors and transporters ofhormonesaswell as the
proteins responsible for thebiosynthesis of critical components
of a cellulosic cell wall. The endoplasmic reticulum structure
resembles a spider-webnetworkof interconnected tubules and
cisternae that pervades the cell. The studyof the dynamics and
interaction of this organelles with other cellular structures
such as the plasma membrane, the Golgi apparatus and the
cytoskeleton, have been permitted by the implementation of
fluorescent protein and advanced confocal imaging. In this
review,we report on the findings that contributed towards the
understanding of the endoplasmic reticulummorphology and
function with the aid of fluorescent proteins, focusing on the
contributions provided by pioneering work from the lab of the
late Professor Chris Hawes.

The dynamics of the ER network

The endoplasmic reticulum (ER) has long been known to be
an extremely dynamic and pleomorphic organelle. This has
been investigated by video enhanced light microscopy and
fluorescencemicroscopy using dyes such as DiOC6. (Quader &
Schnepf, 1986) Suchdyes implicated the actin cytoskeleton as
an organizer of the ER network (Quader et al., 1989; Quader
& Fast, 1990), though the investigation of the true dynamic
nature of the ERwas greatly aided by fluorescent protein tech-
nology. (Boevink et al., 1996) In Arabidopsis thaliana plants,
fluorescent proteins were targeted to the ER and lit up the
well-known fusiform bodies. (Hawes et al., 2001) These ER
bodies move in an actin-dependent manner but as there is no
evidence of cytoskeletal elements in the ER lumen fusiform
body movement must mirror the movement of the whole ER
network. To investigate this, photo-activatable green fluores-
cent protein (paGFP) fused to themembrane spanningdomain
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of the ER membrane chaperone, calnexin, was expressed in
tobacco leaves (Runions et al., 2006) using agrobacterium-
mediated infiltration (Sparkes et al., 2006) and indeed showed
that ERmembrane rapidly disperses from the activation point
in a direct vector. In the absence of actin, activatedmembrane
diffused evenly through the ER. ER movement is generally in-
hibited in the absence of a functional actinomyosin cytoskele-
ton, (Griffing et al., 2014;Hawes et al., 2015; Pain et al., 2019)
though some Brownian/disorganized motion of ER junctions
can be detected even after latrunculin B treatment (Lin et al.,
2017; Pain et al., 2019) which prevents polymerization of the
actin cytoskeleton. Residual ER movement in actin-depleted
cellsmay be due to an interaction of the ERwithmicrotubules,
as seen in Arabidopsis. (Hamada et al., 2014)
ER movement can be divided into four classes, each apply-

ing to a different scale: ER particle dynamics, ER remodelling,
bulk flow and inherent movement (for review see (Pain &
Kriechbaumer, 2020)). ER network remodelling can be visu-
alized as image overlays to provide a temporal colour-coding
of the moving ER network, (Ridge et al., 1999; Kriechbaumer
et al., 2018) which allows for a visualization of ER remod-
elling but lacks quantitative information. Hence, there have
been recent efforts to develop computationalmethods to allow
for quantitative dynamics analysis (for review see Pain et al.,
2019; Pain & Kriechbaumer, 2020). In addition, improved
live cell imaging, for example the use of fluorescence recovery
after photobleaching (FRAP), single molecule tracking and
photoactivatable and photoconvertible fluorophores, enables
researchers to study themovement of the ERnot only as a total
structure but also at a molecular level. (Runions et al., 2006;
Tolley et al., 2008; Sparkes et al., 2009; Tolley et al., 2010;
Mathur et al., 2012; Griffing et al., 2014; Breeze et al., 2016;
Holcman et al., 2018).

The structure of the plant ER is composed of morphologically
and dynamically discrete subdomains

Mammalian and yeast ER are distributed in 3D throughout
the entirety of most cells (Friedman & Voeltz, 2011; West
et al., 2011) whereas most of the plant ER is functionally 2D
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and appressed between cell wall/plasma membrane and the
vacuole. Here, strands of the ER can cross the vacuole and
connectwith the nuclear envelope. But this is only a small vol-
ume of the total ER. Electron microscopy (EM) measurements
inArabidopsis leaf epidermal cells (Pain et al., 2019) andmaize
root cap cells (Stephenson & Hawes, 1986) calculated that an
ER tubule is approximately 40 and 55 nmwide, respectively.
The dynamic ER structure is composed of two morpholog-

ically distinct domains: sheets (cisternae) and tubules, which
are joined at three-way junctions to create a loose polygonal
structure (Figure 1). Tubules are composed of highly curved
surfaces andare connecting components of the plant ER (Wes-
trate et al., 2015). Cisternae were originally defined as larger
ER regions forming a contiguous lumenal space between two
flat ERmembrane sheets (Westrate et al., 2015). Recent litera-
ture in nonplant species has been suggesting though that cis-
ternaemaybecomposedof eitherdensely reticulatednetworks
of tubules, so tightly compressed that the individual tubules
require super-resolution imaging in order to resolve them,
(Nixon-Abell et al., 2016) or are in fact perforated with holes
throughout thecisternae (Schroeder et al., 2019).Nixon-Abell
et al. (2016) applied Grazing Incidence Structured Illumina-
tionMicroscopy (GI-SIM) to reveal dense reticulatematrices of
tubules in bothCos-7 andU-2OS cells expressing the ERmem-
brane marker Sec61B fused to a fluorescent protein. These
dense networks appeared indeed as flat, intact cisternae when
usingdiffraction-limitedwide-field imaging. It isalsosuggested
that these cisternal networks can be rapidly generated from
tubules but due to the speed of cisternae formation and disas-
sembly, homeotypic fusion of tubules is not required to gen-
erate cisternae. (Nixon-Abell et al., 2016) STED microscopy
on Cos-7 cells expressing ER lumenal markers revealed small,
sub-diffractionholes throughoutERcisternae (Schroeder et al.,
2019); these ’nanoholes’ show variable motility and are sug-
gested to be of a similar size as nuclear pore complexes in the
nuclear envelope. Mammalian reticulon 4 (RTN4), a protein
required for ER tubulation, (Jozsef et al., 2014) was found to
localize to a subset of nanoholes that are surrounded by un-
structured cisternae containing no RTN4.
Further suggested structural subdomains are puncta. At

these points the plant ER connects to stable structures within
the cell,most likely the plant plasmamembrane (PM) (Sparkes
et al., 2009). Punctaare classified as being larger thana tubule
witha suggestedmaximumsizeof0.3µm(Quader et al., 1989)
to allow for separation fromcisternal structures (Sparkes et al.,
2009). Puncta are also identified by their dynamics, as they
are fixed points within the network, typically persisting for
at least 5–10 s (Sparkes et al., 2009; Griffing, 2018). Such
stable points within the network are typically ER-PM contact
sites (EPCS), where the ER and PM are within 15–20 nm of
each other (for review see Wang, 2020). In plants, this cor-
responds to 5–10% of PM area independent of cell stage or
type (McFarlane et al., 2017). EPCS are linked to a variety

of functions, including maintaining ER stability, lipid regu-
lation, endocytosis, (Stefano et al., 2018) autophagy (Wang
et al., 2019) and Ca2+ signalling (Bayer et al., 2017). Plant
proteins such as NET3c might mediate the linkage between
ER and plasma membrane. NET3c binds filamentous actin
via C-terminal mediated dimerization and interacts with the
PM via a yet-unknownmechanism (Wang et al., 2014). Vesi-
cle associated membrane protein (VAMP)-associated proteins
(VAP) 27 also localizes to EPCS. VAP27-1 and VAP27-3 have
been shown to interact with NET3c via a major sperm pro-
tein domain and associate with actin and microtubules at
EPCS (Wang et al., 2016). Other than NET3c/VAPA27 com-
plexes, another subpopulation of EPCS are specifically labelled
with Arabidopsis synaptotagmin 1 (STY1) (Sia et al., 2016).
SYT1 is a tether protein integral to the formation of EPCS; an
syt1 knockout results in a rescuable depletion of EPCS. SYT1
has also been shown to be involved in the transport of viral
movementproteins throughplasmodesmata, specializedEPCS
allowing for cell–cell communication (Levy et al., 2015).
The overall ER structure is mainly determined by the rela-

tive proportions of all of these subdomains. The morphology
of cisternae and tubules has been related to different func-
tional properties; although both structures are present in all
eukaryotic cells, (Staehelin & Driouich, 1997) the proportion
of each ER structure varies between cells and species (Shi-
bata et al., 2006) and this has been linked to the underlying
cellular processes and protein secretion requirements. For ex-
ample, secretory cells, such as pancreatic and salivary glands,
display a higher proportion of cisternae, (Shibata et al., 2006)
whereas cells with a lower requirement for protein secretion,
for example cortex cells, tend to have a higher proportion
of tubular ER (Terasaki et al., 2013). EM analysis of ER in
maize root caps has shown that in peripheral secretory cells
the proportion of cisternal to tubular ER is significantly higher
than that in the cap meristem and statocytes. In addition, the
total volume and surface area of the ER in starch cells and
secretory cells was measured to be five and 10 times greater
than that of a meristem cell. (Stephenson & Hawes, 1986)
In Arabidopsis, developing root hairs show enhanced cisternal
areas (Ridge et al., 1999) and abscisic acid treatment of Lepid-
ium sativum seeds triggers the formation of large, stacked ER
cisternae (Volkmann, 1976) potentially catering for induced
secretory demand.
But a convincing link between structure and function of the

ER has yet to be established. Loss of the GTPase RHD3 (root
hair defective 3),which is involved in shaping the ERnetwork,
interferes with the unfolded protein response whichmay indi-
cate a direct relationship between ER form and function (Lai
et al., 2014). This is also supported by the evidence that the
loss of RHD3 compromises bulk-flow secretion in roots but not
in leaf epidermal cells, (Zheng et al., 2004; Stefano et al., 2012)
supporting the possibility that the link between ER structure
and function may exhibit some degree of tissue specificity.
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Fig. 1. The ER network structure. (A) The plant ER is labelled with the lumenal marker GFP-HDEL (green). Golgi bodies are labelled with a rat
sialyltransferase membrane domain fused to RFP (ST-RFP, in magenta). Scale bar= 5 µm. (B) Diagram built on confocal image of a cortical ER region of
a plant cell showing a punctum, a tubule, a cisterna and a three-way junction, which have been pseudocoloured in post-acquisition for visualization.

Building the ER network

The complex structure of the ER could theoretically be solely
upheld by a balance of two types of ER-shaping proteins: R-
and S-proteins (Shemesh et al., 2014). Both types of proteins
localize tocurvedERsurfacesandareable to inducemembrane
curvature. Along the edge of an ER tubule, R-proteins would
promote straight edge formation, whilst an S-protein would
inducenegativemembranecurvature.Byamending local con-
centrations of these two types of ER-shaping proteins, it is the-
oretically possible to produce all the ER structures observed in
plant andmammalian ER networks, including tubules, three-
way junctions, cisternae, cisternal fenestrationsandhelicoidal
stacks (these are not observed in plant cells) (Shemesh et al.,
2014). Increasing the total proportion of both R- and S-ER-
shaping proteinswill shift the ER structure from amore cister-
nal structure tounbranched tubules. Increasing the fractionof
S-proteins within the total population of ER-shaping proteins
increases the amount of straight ER edges and favours struc-
tures that require junctions in order to form suchas three-way
junctions. mLNP1, the mammalian Lunapark protein, is pro-
posed to be an S-protein (Shemesh et al., 2014) and has been
suggested to stabilize three-way junctions in the ER by induc-
ing negative membrane curvature (Chen et al., 2012); reticu-
lon proteins have been proposed as R-proteins (Shemesh et al.,
2014) and to stabilize straightmembranes along the length of
ER tubules.

ER-shaping protein families: reticulon, Lunapark and
atlastin proteins

In yeast and mammalian cells a number of proteins are im-
portant for ER membrane tubulation to form the ER network:
reticulon proteins and DP1/Yop1p/REEP (De Craene et al.,
2006; Voeltz et al., 2006; Shibata et al., 2008; Björk et al.,

2013), atlastins (Hu et al., 2009; Orso et al., 2009) andRab10
(English&Voeltz,2013) for tubule fusion,CLIMP-63,kinectin,
p180 and Lunapark (LNP) proteins for cisternae (Chen et al.,
2012; Goyal & Blackstone, 2013; Kriechbaumer et al., 2018).
In plants manipulations of the ER network structure can be
achieved through three families of proteins:
Reticulons: reticulon proteins (RTN) are integral ER mem-

brane proteins found ubiquitously in eukaryotes and are asso-
ciatedwith numerous biological functions including neurode-
generative diseases (Oertle et al., 2003; Nziengui et al., 2007;
Yang & Strittmatter, 2007). RTNs feature a reticulon homol-
ogy domain (RHD) that contains two hydrophobic regions
flanking a hydrophilic loop (Nziengui & Schoefs, 2009). In
plants RTNs are essential to maintain the tubular ER network
(Figure 2) as they induce membrane curvature in the ER and
are capable of converting cisternae into tubules (Tolley et al.,
2008; Sparkes et al., 2009; Tolley et al., 2010). In Arabidopsis,
21reticulonshavebeen identified so farandover-expressionof
some of these induces a constriction phenotype to ER tubules
(Tolley et al., 2008; Sparkes et al., 2010). Reticulons are even
capableof convertingcisternal sheets into tubules (Tolley et al.,
2010). Reticulons are integral ER membrane proteins featur-
ing two major hydrophobic helical domains with two trans-
membrane domains each. In this way two “V” shaped wedges
joined by a cytoplasmic loop form a “W”-shaped membrane
protein with C- and N-termini facing the cytoplasm. Retic-
ulons dimerize or oligomerize and so create ER membrane
tension inducing membrane curvature (Sparkes et al., 2010).
This topology has been shown for the Arabidopsis reticulons
1, 2, 3, 4 and 13 (Sparkes et al., 2010; Tolley et al., 2010).
Reticulons with removed or shortened transmembrane do-
mains lose their capability to induce ER curvature (Sparkes
et al., 2010; Tolley et al., 2010). The transmembrane topol-
ogy together with a C-terminal amphipathic helix has been
proposed to be necessary for induction of membrane curva-
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Fig. 2. Reticulon and Lunapark proteins are shaping the ER. The plant ER is labelled with the lumenal marker GFP-HDEL (green); the network structure
is shown for cells only expressing GFP-HDEL or in combination with a reticulon or Lunapark protein, respectively. Overexpression of reticulon protein
causes hyperconstriction of ER tubules and oppresses the lumenal marker GFP-HDEL in discrete puncta, Lunapark increases the abundance of cisternae.
Scale bar = 1 µm.

ture. This is achieved through a combination of wedging of
themembrane due to the transmembrane topology of the con-
served reticulon homology domain and scaffolding with the
RTNs forming oligomers within the membrane (Shibata et al.,
2006; Zimmerberg & Kozlov, 2006; Breeze et al., 2016).
Arabidopsis coding for 21 reticulons in comparison to four

mammalianones raises thequestionaboutpotentiallyvarying
functions. RTN3 and 6 are unique in labelling of the desmo-
tubulewithin plasmodesmata. They also co-localizewith viral
movement proteins suggesting a role in regulating cell–cell
communication and plant immunity (Knox et al., 2015). Both
RTN3 and 6 have also been shown to interact with a signif-
icant number of plasmodesmata proteins as well as proteins
associated with ER-PM contact sites, lipid raft proteins, and
proteins that interact with viral movement proteins (Kriech-
baumer et al., 2015). A subgroup of RTN’s, RTN17-21, con-
tain terminal extensions that might enable unique functions
within the RTN family. RTN19 and 20 have been shown to be
involved in sterol regulation in Arabidopsis roots via a novel
mechanism, as they contain an N-terminal extension homo-
logues to 3β-hydroxysteroid dehydrogenase (Kriechbaumer
et al., 2018). These 3βHSDhomologues have distinct localiza-
tions on the ER; whilst RTN20 labels discrete puncta within
the ER membrane, RTN19 labels the entirety of the network.
Both RTN19 and 20 are not able to constrict the ER (Kriech-
baumer et al., 2018). A functional link of reticulons with cel-
lular pathways has also been recently demonstrated for RTN1
and RTN2 which have been proposed to act as receptors for
autophagy-mediated ER turnover (Zhang et al., 2020).

Lunapark: Recently a novel family of LNP proteins was de-
scribed as a counterpart to RTNs in plants. AtLNP1 and 2
are capable of inducing ER sheets (Kriechbaumer et al., 2018)
(Figure 2). The Lunapark protein family is highly conserved,
with orthologues identified in plants, yeast, vertebrate and
fungi (Spitz et al., 2003). LNP protein family members fea-
ture two N-terminal transmembrane domains (TMDs) and a
C-terminal zinc finger domain followed by the LNPARK pep-
tide sequence which gave rise to the name Lunapark (Spitz
et al., 2003). The two Arabidopsis Lunapark proteins AtLNP1
andAtLNP2 display the same structure but feature amodified
LNPARK peptide sequence (LNKPKH); this sequence is con-
served throughout Embryophyta (Kriechbaumer et al., 2018).
Lunapark proteins have been implicated in the maintenance
of ER structure in both yeast (Lunapark: Lnp1p) and mam-
malian cells (Lunapark: mLnp1) and have been described to
localize primarily to three-way junctions and to having a role
in stabilizing nascent three-way junctions (Chen et al., 2012;
Chen et al., 2015; Wang et al., 2016). Loss of the yeast Lnp1p
causes cells with a collapsed and densely reticulated ER net-
work (Chen et al., 2012). In mammalian COS-7 cells though,
a lack of mLnp1 increases the cisternal proportion within
the ER network (Chen et al., 2015). Arabidopsis AtLNP1 and
AtLNP2 share67%aminoacid identity and localize differently
on the plant ER. AtLNP1 preferentially localizes to cisternae
andsmallpunctaacross theER,whereasAtLNP2labels theen-
tire ER (Kriechbaumer et al., 2018). Transient over-expression
of AtLNP1 andAtLNP2 in tobacco leaf epidermal cells induces
cisternae formation in a dose-dependent manner. lnp1 as well
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as lnp1/lnp2 knockdown mutants have significantly smaller
cisternal area and increased polygonal region size as well as a
non-statistically significant reduction in three-way junctions
per area (Kriechbaumer et al., 2018). Polygonal areas are also
more irregular in themutant lines and it is suggested that this
is due to the loss of cisternae, affecting network stability rather
than a trend towards reducednumbers of three-way junctions
(Kriechbaumer et al., 2018).
Atlastins: Dynamin-related GTPases involved in the fusion

of ER tubules (Liu et al., 2012) are another family of pro-
teins involved in the organization of the ER network. These
are atlastin proteins inmammals and Sey1p in yeast (Hu et al.,
2009;Orso et al., 2009;Anwar et al., 2012).Atlastins are sug-
gested to dimerize when proteins on separate membranes are
in close proximity. This would result in attachment of the two
membranes (Bian et al., 2011; Moss et al., 2011). Membrane
fusion is then facilitated by a C-terminal amphipathic helical
domain (Moss et al., 2011; Liu et al., 2012). Knockdown of at-
lastin leads to ER fragmentation and unbranched ER tubules
whilst over-expression enhances membrane fusion (Hu et al.,
2009; Orso et al., 2009). In plants, the GTPase RHD3 (a root
hair deficient mutant) (Wang et al., 1997) acts as the plant
ortholog of atlastin/Sey1p. Overexpression of RHD3 proteins
mutated in the GTPase domain results in an ER network with
more and longer tubular strands and a decrease in polygonal
structures (Chen et al., 2011) which might be due to inhi-
bition of ER tubule fusion (Zhang et al., 2013). RHD3 was
shown to complement a yeast sey1 mutant and to promote
ER fusion in yeast (Zhang et al., 2013). In contradiction to
that Chen et al. (2011) reported that RHD3 cannot comple-
ment yeast andArabidopsismutants. Itwas also suggested that
in Arabidopsis cotyledon cells RHD3 influences the mobility
of proteins in the lipid bilayer (Stefano et al., 2014). RHD3
proteins have also been shown to interact with reticulons in
plants and mammalian systems and hence likely act together
synergistically to control the ER network (Wang et al., 1997,
Lee et al., 2013; Kriechbaumer et al., 2015). Phosphorylation
of RHD3 has been suggested to modulate the ability of this
protein in shaping the ER in vivo (Ueda et al., 2016). It will be
interesting to test whether the interaction of RHD3with other
ER shapers may depend on RHD3 phosphorylation.

The ER as a biosynthetic factory

The ER is responsible for the biosynthesis and quality con-
trol of secretory proteins destined to the other organelles of
the secretory pathway, the extracellularmatrix, heterologous
organelles (i.e. chloroplasts), or simply retained in the ER (Ste-
fano et al., 2014).Theadventof fluorescentprotein technology
has aided the visualization of ER quality control processes and
secretion. For example, using fluorescent protein fusions cou-
pled with biochemical analyses, it has been possible to detect
eventsof retrotranslocationofERresident,but likelymisfolded,
proteins back to the cytosol (Brandizzi et al., 2003), as well as

to establish new paradigms on receptor-mediated retrieval of
ER-resident proteins from the Golgi (Silva-Alvim et al., 2018;
Robinson & Aniento, 2020). Furthermore, because fluores-
cent protein fusions to a signal peptide are secreted very ef-
ficiently, they have been used in confocal microscopy-based
screens to identifymutations on genes and gene products par-
ticipating in ER protein export and bulk-flow secretion (Zheng
et al., 2004; Faso et al., 2009).
Fluorescent protein technology has also aided the identifi-

cation and functional characterization of other proteins in-
volved in ER-Golgi protein traffic. It is generally accepted that
most cargo from the ER reaches the Golgi via mechanisms de-
pendent on the COPII machinery. For detailed insights on the
COPII components inplantsand their roleduringdevelopment
and stress responses, we refer the readers to recent reviews
(Brandizzi, 2018;Kurokawa&Nakano,2019). COPII proteins
are a set of functionally conserved proteins that include the ER
integralmembrane guanine nucleotide exchange factor (GEF)
Sec12, as well as the cytosolic small GTPase Sar1 and compo-
nents of the COPII coat: Sec23/24 and Sec13/31. Arabidopsis
Sar1 and Sec12 were earlier shown to complement a yeast
thermosensitive sec12mutation (d’Enfert et al., 1992). Using
theSar1andSec12antibodies, itwasdemonstrated thatSec12
is associated with the Arabidopsis microsomal fraction and
that endogenous Sar1 is a microsome-peripheral protein that
partitions between the cytosol and the membrane (Bar-Peled
& Raikhel, 1997). Follow-up work proving that overexpres-
sion of dominant-negative mutations of Sar1 blocks protein
transport from the ER to the Golgi in plant cells (Takeuchi
et al., 1998; Andreeva et al., 2000; Phillipson et al., 2001)
set the stage for analyses of the behaviour of fluorescent pro-
tein (FP) fusions of the COPII proteins in vivo. (daSilva et al.,
2004) Using FP, functional fusions to the Arabidopsis Sec12
and Nicotiana Sar1 were made. The expression of these in to-
bacco leaf epidermal cells showed that, when expressed alone,
aSar1-FPwasvisibleprimarily in thecytosolwithsome levelof
enrichment in punctate structures, whichwere named ER ex-
portsites (ERES);however,whenco-expressedwithmembrane
cargo destined to the Golgi apparatus, the signal of Sar1-FP to
the punctate structures was enhanced (daSilva et al., 2004).
Such a behaviour was not observed for a cytosolic FP and
for soluble bulk-flow cargo (daSilva et al., 2004), supporting
that Sar1 recruitment to the ER membrane responds primar-
ily to the demand of export of membrane proteins from the
ER. This concept was subsequently explored by the analysis
of ER export motifs on membrane cargo, such as the diacidic
motif [aspartate, any amino acid, glutamate (DXE)], which
was established to be functional and transplantable on cy-
tosolic domains of membrane cargo (Hanton et al., 2005). In
this work, a fusion to the Arabidopsis Sec24A (FP-Sec24) was
shown to be localized to the ERES; furthermore, the inten-
sity and number of ERES were found to increase in conditions
of overexpression of DXE-bearing membrane cargo but not
cargo with non-functional DXE signal (Hanton et al., 2007).

C© 2020 The Authors. Journal of Microscopy published by JohnWiley & Sons Ltd on behalf of Royal Microscopical Society, 280, 122–133



THE PLANT ENDOPLASMIC RETICULUM 127

Fig. 3. Connections between ER and golgi bodies. The plant ER is labelled with the lumenal marker GFP-HDEL (green). Golgi bodies are labelled with a
rat sialyltransferase membrane domain fused to RFP (ST-RFP, in magenta). Small tubules are connecting ER and Golgi bodies. Scale bar = 1 µm.

From these data and subsequent work using Sec24 and Sec13
(Hanton et al., 2009), it was concluded that ERES are tunable
and respond to thenecessity of the cell to export signal-bearing
cargo from theER (Hanton et al., 2007).Using standard confo-
cal microscopy, not only FP-fusions to Sar1, Sec24 and Sec13
were found to be primarily concentrated at ERES that move
with the Golgi apparatus (daSilva et al., 2004; Hanton et al.,
2009), Sec23 was also demonstrated to be associated to the
same structures (Stefano et al., 2006). Furthermore, Sec16,
which is required for COPII assembly regulation in non-plant
species (Kung et al., 2012;Yorimitsu&Sato, 2012),was found
to interact with Sec13 and Sec31 in plant cells, supporting a
conserved scaffolding role for this protein (Takagi et al., 2013).
Thediscrete localizationofSec16 incup-shapedsubdomainsof
the ER associated withmobile Golgi stacks and the differential
dynamics of binding and release of Sec16 at ERESs compared
to other COPII markers also provided support to the model
that ER protein export occurs at ERES associated with motile
Golgi, the so-called ’ER mobile export sites’ model (Neumann
et al., 2003) or ’mobile secretory unit’ model, (daSilva et al.,
2004) at least in highly vacuolated cells. In this model, the
ERES are associated with the Golgi in a relatively static do-
main of the ER (Figure 3). Such association may facilitate the
transport of cargo to and from Golgi stacks, which are largely
motile in plant cells (see also reviews on ER–Golgi transport
in plant cells for further discussion of this model and alter-
natives (Robinson et al., 2015; Robinson, 2020)).The close
association of the ER and the Golgi stacks at ERES finds sup-
port in experiments based on optical laser-tweezers in which
individual Golgi stacks could be pulled in association with an
ER tubule in actin-depolymerized cells (Sparkes et al., 2009).

The ER acts as highway and platform in various
physiological processes

The plant ER is distributed across the entire cell surface. Being
appressed to the plant cell wall, it provides a perfect pool for

important cellular signalling components including hormone
receptors, signalling complexes, and calcium (Chen et al.,
2002; Friml & Jones, 2010; Zhang et al., 2013).
Thehighly dynamic ER tubule andmobilemembrane struc-

ture is ideal for the transport of material bound to the ER
surface as well as organelles such as Golgi bodies and other
structures throughout the cell; for example viral movement
proteins and viral RNA are transported on the ER surface to
plasmodesmata in tobacco leaf epidermal cells (Heinlein et al.,
1998; Schoelz et al., 2011; Wu et al., 2011). The ER also of-
fers a large and dynamic surface for the location of blocks of
metabolic enzymes, thus not only regulating the spatial orga-
nization of metabolic pathways but also enabling the mixing
ofmetabolic products throughout the cytoplasm (Hawes et al.,
2015; Blakeslee et al., 2019). Pathways can be organized into
metabolons enabling highly coordinated and regulated pro-
cesses. Metabolons contain sequential enzymes plus scaffold-
ing proteins allowing for efficient channelling of metabolic in-
termediates fromone active site directly to the next (Jørgensen
et al., 2005). Candidate proteins for such scaffolding are chap-
erones as well as membrane-anchored cytochrome P450 en-
zymes that can serve as nucleation points and platforms for
metabolon formation (Jørgensen et al., 2005). Membrane-
structural proteins have also been suggested to play a role
in metabolon formation, for example P450 enzymes involved
in a lignin biosyntheticmetabolonwere co-purifiedwith retic-
ulon proteins (Bassard et al., 2012). This increases substrate
concentration and turnover rates, prevents unwanted diffu-
sion and is key to containing labile or toxic intermediates.
Hence, metabolons have great potential for the production of
high value products. In plants, metabolons have been shown
for the production of flavonoids (Hrazdina & Wagner, 1985)
and sporopollenin in Arabidopsis (Lallemand et al., 2013) and
theglucoside dhurrin inSorghumbicolor. (Laursen et al., 2016)
The dhurrinmetabolon identified in sorghumenables efficient
productionof thedefencecompound through theco-operation
of two p450 cytochromes anchored to the ER membrane,
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co-operatingwith a soluble glucosyltransferase to rapidly pro-
cess the dhurrin production intermediates (Laursen et al.,
2016). Recently a soybean isoflavonoid metabolon tethered
to the ER has also been reported (Dastmalchi et al., 2016).
Furthermore, an auxin metabolon has been suggested

(Friml & Jones, 2010; Kriechbaumer et al., 2016; Blakeslee
et al., 2019). The plant hormone auxin is important to nearly
every aspect of plant growth and development including
organ development and overall plant architecture. Auxin
homeostasis is regulated by coordination of biosynthesis,
transport, conjugation, storage and catabolism to optimize
concentration-dependent growth responses and adaptive
responses to temperature, water stress, herbivory and
pathogens. Whilst much has been published on auxin trans-
port by influx and efflux carriers, important questions remain
unanswered, including how homeostasis is controlled and
how auxin biosynthetic pathways are organized (Chandler,
2009). It has also been proposed that auxin metabolism is
both spatially and temporally regulated (Zhao, 2014; Poulet &
Kriechbaumer, 2017; Brumos et al., 2018;Robert et al., 2018;
Yao et al., 2018). The primary auxin, indole-3-acetic acid
(IAA) is synthesizedvia thehighly conservedTAA/YUC-route.
In this two-step pathway, tryptophan aminotransferases
(TAA, TAR1 and 2) catalyze the conversion of tryptophan to
the intermediate indole-3-pyruvic acid (IPyA) (Mashiguchi
et al., 2011; Phillips et al., 2011; Kriechbaumer et al., 2012)
and the YUC flavin-containing monooxygenases convert
IPyA to IAA. (Tivendale et al., 2014) The TAA/YUC-route is
the first identified complete auxin biosynthetic pathway and
is essential for most of the major developmental events in
plants (Zhao, 2014). YUC enzymes were first identified via the
first ever auxin biosynthetic mutants (Cheng et al., 2006).
In both maize and Arabidopsis, a set of enzymes from the

TAR and YUC group are localized to the ER membrane and
more than 20% of auxin biosynthetic activity was detected
in a purified 100,000 × g microsomal fraction containing
ER membranes (Kriechbaumer et al., 2015; Kriechbaumer
et al., 2016). Protein–protein interactions between TAA/TAR
and YUC proteins using Förster Resonance Energy Transfer
with Fluorescent Lifetime Imaging (FRET-FLIM)have beende-
scribed (Kriechbaumer et al., 2016). ERmembrane-anchoring
of a subset of auxin biosynthetic enzymes indicates a com-
partmentalization. Since many of the enzymes potentially
involved in auxin biosynthesis have low substrate specifici-
ties and turnover rates, metabolic channelling in an auxin
metabolon has been postulated (Müller & Weiler, 2000). Ad-
ditionally, metabolon formation can contain labile or toxic
intermediates; e.g. the precursor IPyA is highly unstable in
water (Kriechbaumer et al., 2015). The ER cannot only be
considered as a surface for auxin biosynthesis but also as an
auxin recycling station (Friml et al., 2003). PIN and PIN-Like
(PILS) auxin transporter proteins are present on the ERmem-
brane (Mravec et al., 2009; Barbez et al., 2012; Dal Bosco et al.,
2012; Ding et al., 2012; Bender et al., 2013; Sawchuk et al.,

2013). Also, the auxin-deconjugating enzymes ILL2, IAR3
and ILR1 have been shown to reside on the ER of Arabidopsis
protoplasts and therebymost likely regulate the content of ac-
tive IAAbyamido-IAAhydrolysis in theER(SanchezCarranza
et al., 2016). In addition, when IAA is infiltrated into tobacco
leaves together with an ER marker the ER network structure
appears perturbedwith tubulemisalignment and induction of
ER cisternae. Increased cisternal area is also observed when
IAA biosynthetic enzymes carrying out the first (TAA/TAR)
and second step (YUC) of the biosynthesis are over-expressed
together in tobacco leaf cells (Blakeslee et al., 2019) indicat-
ing that auxin regulation might also be of importance for ER
morphology.
The family of ethylene receptors (ETR1, ETR2, ERS1, ERS2,

EIN4) is also localized at the ER, (Chen et al., 2002) which is
suggested to benefit signal transduction. Mostly this localiza-
tion avoids for the receptor proteins having to go through the
energy-consuming secretory pathway and aids a swift deliv-
ery to their site of action (Chen et al., 2002). ER localization of
ethylene receptors may also enable local regulation of other
ER-dependent processes. For example, chitinase accumula-
tion upon pathogen attack is prompted by ethylene signalling
and is calcium dependent (Raz & Fluhr, 1992); here the lo-
calization of ethylene receptors to the ER could be key to a
rapid release of calcium from the ER in response to pathogens
(Chen et al., 2002). In general, the ER is a calcium reservoir
and releases it (Bush, 1995) to maintain cellular homeostasis
and enables exocytosis, metabolism, transcription regulation,
and apoptosis (Bonza et al., 2013). ER-derived compartments
in developing seeds also store important storage proteins such
as globulins and prolamins (Galili, 2004). The ER also holds
regulatory complexes such as the WAVE/SCAR (WASP fam-
ily verprolin homologous/suppressor of cyclic AMP receptor)
complex (Zhang et al., 2013).WAVE/SCARacts togetherwith
the Actin-Related Protein (ARP) 2/3 complex and controls
actin-dependent morphogenesis in different tissues and de-
velopmental stages (Zhang et al., 2013). The WAVE/SCAR
subunits NAP1 and SCAR2 are located on the ER surface and
the upstream regulator of theWAVE/SCAR complex, SPK1, is
localized to ER-exit sites (Zhang et al., 2010).

Future perspectives

Professor Chris Hawes will be remembered for the significant
contributions to the plant secretory pathway, chief among
these is the introduction and development of live cell imaging
based on fluorescent protein technology. Around the world,
the field is using tools thatChris developedand techniques that
he propelled for the study of complex organelles, such as the
ER.
Since the time when Chris started pushing the field to new

frontiers over two decades ago by demonstrating that secre-
tory organelles can be visualized in real time in intact plant
tissues, new questions have certainly arisen. For example the
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Fig. 4. Changes in ER structure can impact ER functionality. The Golgi marker ST-GFP is co-expressed with either (A) RFP-HDEL or (B) LNP1-RFP,
respectively. Overexpression of LNP1-RFP results in increased cisternalization of the ER and here is seen to inhibit the transport of the trans-Golgi marker
ST-GFP from the ER to Golgi bodies. Scale bar= 1 µm. (C) Leaf curling after transient expression of the auxin biosynthetic enzymes AtTAR2 and AtYUC5
in tobacco leavesmost likely due to enhanced synthesis of the auxin indole-3-acetic acid. This curling phenotype is enhancedwhen the auxin biosynthetic
enzymes are co-expressed with LNP1-RFP resulting in enhanced cisternae (left leaf side) in comparison to co-expression with the ER marker RFP-HDEL
marker (right leaf side). Scale bar = 1 cm.

physiological relevance of the dynamic morphology of the ER
is not clearly understood. The loss of RHD3 and an RHD3-
isoform, RL1, is lethal, (Zhang et al., 2013) supporting the
idea that ER fusion is an essential process. Nonetheless, the
mechanisms for ER fusion and related essential processes are
not known.Whether the loss of other ER shapers suchasRTNs
or LNP is lethal is unknown as there is no full mutant for the
21 Arabidopsis RTNs and the available lnp1lnp2 is a knock-
down (Kriechbaumer et al., 2018). The ER assumes a retic-
ulated appearance in fully expanded cells but it has a more
cisternal organization in non-expanded cells (Stefano et al.,
2014). It may be argued that in younger, still expanding cells
a more cisternal ER may provide a larger organellar lumen
for metabolic processes, including protein synthesis. On the
other hand, amore reticulated networkmight be beneficial for
transportmechanisms: in leaf epidermal cells, Golgi bodies are
associated with ER tubules but not cisternae (Sparkes et al.,
2009) and yeast ERES-localized proteins have been shown
to preferentially localize to high-curvature ER membranes.
(Okamoto et al., 2012) Figure 4 outlines examples for differ-
ing ER functionality when the ER structure is more cisternal:
Preliminary data indicate that the transport between ER and
Golgi might be impaired upon cisternalization of the ER (Fig-
ure 4A,B, Kriechbaumer, unpublished data). When the Golgi
marker ST-GFP is co-expressed with the cisternae-inducing
protein LNP1 (Kriechbaumer et al., 2018), ST-GFP does not
label the Golgi (Figure 4A) but the fluorophore fusion remains
in the ER instead (Figure 4B), indicating a potential ER-Golgi
transport impairment when the ER structure is changed in
favour of cisternae Similar to the situation in expanding cells,
such a modified structure might be beneficiary for metabolic
processes required for growth (Figure 4C). Expression of the

auxin biosynthetic enzymes AtTAR2 and AtYUC5 in tobacco
leaves results in leaf curling (Kriechbaumer et al., 2016) most
likely due to auxin overproduction (Figure 4C, right leaf side).
This curling phenotype is enhanced when the enzymes are
co-expressed with LNP1 resulting in enhanced cisternae (Fig-
ure 4C, left leaf side).
It would be interesting to test whether the function of ER

shapers is somehow regulated to accommodate for the differ-
ent morphology of the ER in young and mature cells. Indeed,
RHD3 is required for the transition between a more cister-
nal ER to a more tubular ER as cells expand (Stefano et al.,
2014). As the tubular ER contributes to the streaming of
other organelles (Stefano et al., 2014), an organization of a
more tubular ER in mature cells may facilitate the transport
of organelles to the appropriate destination. In leaf epidermal
cells, for example where the central vacuole occupies 90%
of the cell volume, the organelles are sandwiched between
the tonoplast and the plasma membrane. Therefore, the con-
tribution of the ER to the movement of other organelles may
facilitate bypassing the steric hindrance of the vacuole in long-
distanceorganellepositioning(Stefano etal.,2014).Under this
light, it will be interesting to establish whether the loss of ER
structure affects the function of other organelles by facilitating
their positioning in the cell. This may be indeed the case: the
ER is in close contact with endosomes, and a loss of RHD3
compromises endocytosis (Stefano et al., 2015). In addition,
or alternatively, it is possible that a loss of ER structure may
compromise the positioning of themachinery needed for other
processes occurring in non-ER membranes. For example, the
ER membrane-anchored VAP27 proteins that accumulate at
the EPCS interact with proteins involved in endocytosis such
as clathrin (Stefano et al., 2018). The EPCS have also been
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involved in the formation of autophagosomes (Wang et al.,
2019). Therefore, a loss of structure of the ER may alter the
positioning of the EPCS and consequently their function in
cell processes. Furthermore, the loss of RHD3 causes defects
in auxin distribution in roots (Stefano et al., 2015), possibly
because the distribution of endosomes is altered in rhd3 cells.
Whether ER structure defects are connected with the biol-
ogy of other hormones is potentially another fertile area of
investigation that fluorescent protein imaging coupled with
the genomics tools available for model species is poised to
address.
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