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ADVANCES

® Room-temperature ET resolves plant membrane
Introduction and organelle structures at nanoscale resolution
such as ER-autophagosome contacts,
plasmodesmata maturation, and symbiont
membrane architecture.
® Whole-cell ET analysis reveals that central
vacuoles are derived from SVs after their fusion
with MVBs. SVs then fuse to form large
vacuoles.
Cryo-FIB-aided cryo-ET has become the
method-of-choice in visualizing 3-D membrane
structures and macromolecular assemblies

All eukaryotic cells contain an endomembrane system con-
sisting of functionally distinct membranes and organelles
that work together to mediate accurate and efficient trans-
port of proteins and lipids, which is critical for cellular
homeostasis (Stefan et al,, 2017). A fundamental goal for cell
biologists is to investigate the structure and dynamics of the
endomembrane system in order to better understand its O
biological function (Carlton et al, 2020). Visualization of

membrane structure and dynamics requires high spatial and

temporal resolution, which has been recently achieved within the native cellular environment, albeit
through various imaging approaches (Sezgin, 2017). constituting technical challenges when applied
Previously, protein localization and membrane dynamics to plant materials.

have mainly been studied via two-dimensional (2-D) and 3- ® Cryo-lift-out is a feasible method to prepare
D confocal laser scanning microscopy (CLSM) live-cell imag- cellular samples for cryo-ET analysis from large
ing analysis, together with 2-D transmission electron micro- tissues after HPF.

scope (TEM). However, these traditional techniques cannot ® Cryo-CLEM can resolve protein—ultrastructure
overcome the 200-nm resolution limitation for CLSM and a relationships at the whole-cell level with 4-nm
lack of 3-D information for 2-D TEM. To get around these isotropic resolution in mammalian cells with
drawbacks, multiple super-resolution confocal systems with great promise in plant cells.

resolutions of 20-100 nm have recently been developed,
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including super-resolution confocal live imaging microscopy
(SCLIM; Nakano, 2013), Airyscan confocal microscopy, struc-
tured illumination microscopy (SIM), stimulated emission
depletion (STED) microscopy, photoactivated localization
microscopy (PALM), and stochastic optical reconstruction
microscopy (STORM; Schermelleh et al, 2019; Jacquemet
et al, 2020). On the other hand, electron tomography (ET)
can provide 3-D information of cellular structures with
nanometer resolution, albeit with its own drawbacks, such
as the limited sample section thickness (around 200-300
nm) for electrons to pass through (Otegui and Pennington,
2019). To obtain and construct 3-D models of large struc-
tures, given the limited section thickness, serial section ET
can be used for 3-D reconstruction of large structures inside
a cell. Recent studies on plant organelles have demonstrated
that whole-cell ET is a powerful tool for large organelle
modeling and reconstruction (Zhuang et al., 2017; Cui et al,
2019, 2020a). In addition, serial block-face scanning electron
microscopy (SBF-SEM) and focused ion beam SEM (FIB-
SEM) with image collection in a fully automated manner are
also applicable to efficiently resolve 3-D cellular structures,
using either chemically fixed, or high-pressure freezing
(HPF)-prepared samples (Cocks et al., 2018; Cui et al., 2019;
Spehner et al,, 2020). Up till now, the best way to keep sam-
ples in their native condition is via cryo-fixation followed by
subsequent cryo-EM/ET analysis, techniques that have been
widely used to study the 3-D structure of biomacromole-
cules (Lyumkis, 2019). Combined with the newly developed
cryo-FIB techniques, cryo-EM/ET with a direct electron de-
tector (DED) and phase plate (Dai et al, 2013; Rast et al,
2019), a device that can enhance image contrast by increas-
ing phase shift between diffracted electron waves and trans-
mitted electron waves (Danev and Nagayama, 2010; Koning
et al, 2018), are now the “Method of Choice” for visualiza-
tion and analysis of cellular structures in vivo (Schaffer et al,,
2019). Furthermore, recent advances in correlative light and
electron microscopy (CLEM) have created opportunities to
combine the unique capabilities of CLSM and EM/ET, by in-
vestigating the same section sequentially with cryo-CLSM
and cryo-EM/ET (de Boer et al, 2015). With the maturation
and timely application of these new techniques, research on
cellular structures and their dynamics has reached a golden
era with great promise for the future.

Most of these advanced techniques have been frequently
used in research on yeast and mammalian cells, but have
seen only limited application in plant cells. This is largely
due to the thickness of plant cell walls and the autofluores-
cence of plant organelles such as chloroplasts (Tuijtel et al,
2019). In this update, we first summarize recent studies
on membrane dynamics and structures in the plant endo-
membrane system using conventional 2-D CLSM, super-
resolution microscopy (SRM), and EM approaches. We will
then further discuss the latest findings using ET. Finally, we
will use investigations on tip-vesicles (TVs) in pollen tubes
as a proof-of-concept example to elaborate on the
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objectives, feasible approaches, and the challenges in sample
preparation for ET, Cryo-FIB, and Cryo-ET analysis.

SRM for studying membrane dynamics in
plants

Live-cell imaging plays a most important role in the inves-
tigation of membrane dynamics. Recent developments in
SRM techniques have enabled unprecedented subcellular
imaging at a nanoscale level, leading to an improved un-
derstanding of membrane structures and functions
(Sezgin, 2017; Schermelleh et al, 2019). There are two
main categories of SRM, including techniques that illumi-
nate the sample by using patterned light (e.g. SIM and
STED, Table 1; Chen et al, 2014) and single-molecule lo-
calization strategies that determine the position of indi-
vidual fluorophores with sub-diffraction accuracy (e.g
PALM and STORM, Table 1; Komis et al, 2018). SRM
approaches have been widely used in mammalian cells, in-
cluding a recent study of the dynamic organization of
chromatin domains (Nozaki et al, 2017; Xu et al.,, 2020)
and the visualization of interactions between organelles
and the cytoskeleton (Guo et al., 2018). However, the ap-
plication of SRM in plant cells has been challenging be-
cause of a high-fluorescence background and the
presence of a cell wall (Komis et al, 2015). Until now,
most SRM studies in plants have been derived from SIM
with a few examples of STED, PALM, and STORM (Kleine-
Vehn et al, 2011; Demir et al, 2013; Dong et al., 2015;
Wang et al, 2016; Martiniére et al., 2019; Platre et al,
2019; Wang LH et al,, 2019).

SIM, with a lateral resolution of around 100 nm, allows vi-
sualization of various subcellular structures, including the en-
doplasmic reticulum (ER), ER exit sites (ERESs), endosomes,
plasmodesmata, as well as microdomians or more precisely
nanodomains (Ott, 2017), on the plasma membrane (PM;
Knox et al, 2015; Zeng et al, 2015; von Wangenheim et al,
2016; Komis et al., 2018). 3-D SIM was recently used to visu-
alize cortical microtubules and illustrate their interactions
with  microtubule-associated ~ proteins  in  plants
(Vavrdova et al,, 2019).

In STED imaging, samples are scanned with a central acti-
vation beam overlapped by an annular-shaped, high-power
depletion beam to achieve high-resolution imaging.
Application of STED in plants has been limited to tissues or
cells without light-absorbing chloroplasts because such ab-
sorbance would lead to cell damage (Schubert, 2017
McKenna et al, 2019). For example, STED was successfully
used to visualize fluorescence-tagged PIN2 clustering in the
PM of transgenic Arabidopsis root cells (Kleine-Vehn et al,
2011). In addition, the recently improved STED system
allowed visualization of YFP-RABG3f on the membrane of
multivesicular bodies (MVBs; ~100-400 nm in diameter) in
living root cells of transgenic Arabidopsis plants (Figure 1,
unpublished results).

Both PALM and STORM can achieve very high (~20 nm)
spatial resolution through collecting information on the
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Table 1 Examples of SRM and EM analysis on membrane dynamics and structures in plant cells

Liu et al.

Approaches  Methods Membrane systems Research highlights References
SRM SIM Endosomes Super-resolution study of dynamic behaviors of different stage von Wangenheim (2016)
endosomes in Arabidopsis root hairs
3-D SIM Microtubules Super-resolution imaging of plant cortical microtubule and micro- Vavrdovad (2019)
tubule associated proteins using 3-D SIM
STED PM Super-resolution imaging of fluorescence-tagged PIN2 clusters in PM  Kleine-Vehn (2011)
PALM PM Live super-resolution imaging with sptPALM to monitor ROP6, Platre (2019)
which is stabilized by phosphatidylserine on PM nanodomains
and required for downstream auxin signaling
PALM PM Dynamic study of PIP2;1, AHA2, LTI6b, and CLC2 particles within Martiniere (2019)
PM by sptPALM
STORM / Identifying NtPPME1-GFP-positive intracellular compartments that Wang (2016)
are distinct from various endosomal markers with STORM
Airyscan  ER Semi-high-resolution imaging of dynamic ER structures for quantita-  Pain (2019)
tive analysis
Airyscan  PM Subdiffractional analysis of PM nanodomains for proteins involved McKenna (2019)
in morphogenesis (PIN3) and pathogen perception (FLS2)
SCLIM Golgi and ER 4-D live-cell imaging of Golgi- and ER-localized proteins dynamics Ito (2018)
within Golgi entry core compartment
EM SEM / Hierarchical imaging concept for targeted imaging of large volumes Wacker (2016)
from cells to tissues
SBF-SEM  Vacuole SBF-SEM analysis of vacuole constriction upon auxin induction Scheuring (2016)
SBF-SEM  PSV SBF-SEM analysis of the 3-D architecture of forming PSVs Feeney (2018)
FIB-SEM Chloroplast FIB-SEM analysis of cytoplasmic invaginations formation in chloro- Jin (2018)
plast upon virus infection
ET TGN vesicles ET analysis of TGN vesicles that transport specific materials in root Wang (2017)
border cells
ET Plasmodesmata ET analysis of architecture and permeability of post-cytokinesis Nicolas (2017)
plasmodesmata lacking cytoplasmic sleeves
ET EV ET analysis of EVs and membrane tubules during arbuscular Roth (2019)
invasion
STEM-ET  Extensive membranes  Extensive membrane systems at the host—arbuscular mycorrhizal Ivanov (2019)
fungus interface revealed by STEM-ET
ET Vacuole Vacuole biogenesis study using whole-cell ET in Arabidopsis root Cui (2019)
cells
Cryo-ET Thylakoid membranes  Native architecture of the Chlamydomonas thylakoid membranes Engel (2015a)

revealed by in situ cryo-ET

EM, electron microscopy; EV, extracellular vesicle; PSV, protein storage vacuole; sptPALM, single-particle tracking PALM.

precise localization of many individual molecules. The acqui-
sition step in PALM and STORM is a rather static process
with respect to the time window required to record all the
events to build the super-resolution image. Besides, a rela-
tively low-fluorescence background is crucial for these tech-
niques. Thus, both PALM and STORM are commonly
combined with TIRF microscopy to restrict the thickness of
the excitation field so that only fluorophores within 100-
200 nm of the sample near coverslip are efficiently excited.
Owing to the thick cell wall (100-1,000 nm), it is therefore
very challenging to apply PALM and STORM in studying
plant cells albeit with examples of success. A recent live
PALM analysis revealed that ROP6 is stabilized by phosphati-
dylserine into PM nanodomains, which is required for auxin
signaling (Platre et al, 2019; Jaillais and Ott, 2020). In an-
other study, the diffusion of PIP2;1, AHA2, LTI6b, and CLC2
within the PM has been studied through single-particle-
tracking PALM (Martiniere et al, 2019). STORM has also
been used to visualize microtubules close to the PM (Dong
et al, 2015). Finally, a modified STORM system has been

used to distinguish NtPPME1-GFP positive secretory vesicles
from the Golgi apparatus and trans-Golgi network (TGN) in
plant cells (Wang et al, 2016).

The Airyscanning technique, which shares the same princi-
ple as CLSM but with an “Airyscan” detector concept, also
drastically improves imaging resolution (about 140 nm in
lateral resolution; Weisshart, 2014). This method comple-
ments some limitations in SIM, STED, and PALM (Weisshart,
2014; McKenna et al,, 2019). For example, an Airyscan confo-
cal system was used to obtain high-resolution information
on dynamic ER structures with quantitative analysis in to-
bacco (Nicotiana tabacum) leaf epidermal cells (Pain et al,
2019). In another study, Airyscan imaging of the membrane
protein nanodomains of PIN3 and FLS2 demonstrated that
their size and dynamics are significantly affected upon per-
turbation of the plant cell wall (McKenna et al,, 2019).

SCLIM is another super-resolution imaging system sharing
the same principle as CLSM. Upon deconvolution, small
vesicles of 50-60-nm diameter and a tubular structure of
50-nm diameter can be clearly captured in a 3-D movie by
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Figure 1 Visualization of MVBs in plant root cells: CLSM versus STED.
Root cells of transgenic Arabidopsis plants expressing YFP-RABG3f
were subjected to live-cell imaging at identical position via conven-
tional CLSM (A and B) and improved STED (C and D). YFP-RABG3f is
known to locate on both MVBs and the tonoplast. Note the sharp
ring-like structures (arrows) in STED-derived C/D versus the corre-
sponding dots (arrowheads) in CLSM-derived A/B. Scale bars: 1 um in
A/C 100 nm in B/D.

SCLIM (Nakano, 2013). In addition, such a system enables
4-D imaging with extremely high speed (e.g. 1,000 frames
per second in 2D, 50-100 Z-stacks in a few seconds, at the
completely simultaneous two-color separation) and high res-
olution in multiple colors at the same time (Nakano, 2013;
Ito et al, 2018).

ET provides new insights into membrane
dynamics

Although SRM imaging techniques have greatly promoted
studies on membrane dynamics in living cells, they still have
a relatively limited resolution of 20-100 nm when compared
with conventional TEM, which can resolve cellular structures
at nanometer resolution (Winey et al, 2014; Miranda et al,,
2015), albeit with the drawback of 2-D images. Two
approaches are commonly used to obtain 3-D volumes. An
intuitive operation is to stack serial 2-D (XY) images to-
gether, which essentially represents SEM in 2-D image acqui-
sition. The serial sections can be either preserved for
imaging multiple times (array tomography; Wacker et al,
2016), or subjected to only one image cycle before being
destroyed by SBF imaging methods (Denk and Horstmann,
2004; Jin et al, 2018; Hoffman et al, 2020). This method is
particularly competitive in terms of imaging large volumes
(Scheuring et al, 2016; Feeney et al, 2018), but the resolu-
tion in the Z dimension is relatively limited by the section
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thickness. The other promising technique, ET, first takes
multiple 2-D projection images under TEM over a wide
range of viewing directions (a tilt series), followed by back-
projecting these 2-D images with appropriate weighting to
generate a 3-D volume (Mclintosh et al, 2005). Compared
with sequential stacked 2-D images, ET is more powerful in
getting 3-D representations of macromolecules and organ-
elles in their cellular environment at significantly higher res-
olution. Thus, it has become a tempting option in 3-D
membrane morphology and structure studies. When the cel-
lular structure is well preserved, fine ultrastructure at a
nanometer scale can be morphometrically analyzed by ET.
Compared with 2-D TEM analysis, a complete 3-D ultra-
structure allows an unbiased full view of the compartment
of interest. Moreover, specific slice views of certain slicing
orientations can be extracted from any part of the full to-
mogram for model building and further analysis.

In combination with HPF and freeze substitution
(Karahara and Kang, 2014), ET was adapted and used to
study cytokinesis in plant cells (Otegui et al, 2001). It has
since become the method of choice to study various organ-
elles and transport vesicles in the plant endomembrane sys-
tem, including the ER, the Golgi apparatus, and the TGN
(Otegui et al, 2006; Leitz et al, 2009; Kang et al, 2011).
Several recent studies have extended ET analysis nicely to
other complex membrane structures in plant cells, including
the identification of a distinct class of vesicles derived from
the TGN that mediate secretion of xylogalacturonan in al-
falfa (Medicago sativa) root border cells (Wang et al, 2017),
and the characterization of a linear developmental sequence
of thylakoid formation and the involvement of thylakoid-
bound polysomes and the dynamin-related protein FZL in
Arabidopsis (Liang et al., 2018). In recent years, the power of
ET analysis has been demondstrated for other organelles in
plant responses and development, including autophago-
somes during autophagy, plasmodesmata in cell-cell com-
munication, membrane morphologies during plant—microbe
interactions, and vacuole formation in root growth (Zhuang
et al, 2017 Cui et al, 2019; Huang et al, 2019; Ivanov et al,
2019; Roth et al, 2019).

Organelle biogenesis in plants revealed by ET

Autophagy is a highly conserved metabolic process in eu-
karyotic cells that is essential for plant development and
growth as well as in response to various stresses. The spatio-
temporal formation of autophagosomes is an example for
exquisite membrane dynamics in organelle biogenesis. As
the sole transmembrane autophagy-related (ATG) protein,
ATG9 has long been speculated to play an essential role in
ER-derived autophagosome formation. This is supported by
extensive time-lapse live-cell CLSM imaging showing the dy-
namic association of the ER with autophagosomal markers
in yeast and mammalian cells in 4D (Kakuta et al,
2012; Orsi et al, 2012; Karanasios et al, 2016). A direct
connection between an autophagosome and ER has also
been visualized in a recent study on the role of Arabidopsis
ATG9 in regulating autophagosome formation in plants
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Figure 2 The ET analysis of cellular organelles in plant cells. (A-D) Tomographic slices (A and C) and their corresponding 3-D models (B and D),
respectively, showing the multi-layer autophagosomes (green) and its direct connection to the ER (yellow) in the Arabidopsis atg9 mutants after
BTH treatment to induce autophagy. (E) and (F) The ET image and the corresponding model show complicated vacuole formation at the early
stage of Arabidopsis root cortex. The arrows indicate examples of ILVs inside vacuoles. The arrowhead indicates the fusion between SV and cup-
shaped vacuoles. (G-1) Tomographic slice (G and H) and 3-D model (1) show the closely associated relationship between two vacuoles with a min-
imum distance of 20 nm between the tonoplasts of the two vacuoles (e.g. enlarged insert in G). Bars = 500 nm. (A) and (B) are adapted from
(Zhuang et al. 2017; Copyright 2017 National Academy of Sciences); (D) is adapted from (Jiang 2017; Copyright 2017 Springer Science + Business

Media LLC).

(Zhuang et al, 2017). Here, an ET analysis revealed a direct
membrane connection between the ER and the abnormal
autophagosome with a complicated multi-layer structure in
atg9 mutants (Figure 2, A-D; Zhuang et al,, 2017).

The fine structure of plasmodesma—a model for ET
Plasmodesmata are plant-unique structures consisting of
small channels that traverse cell walls for communication
and transport between cells. For a long time, it has been
challenging to obtain satisfying details of plasmodesmata
due to their special position and nanoscopic size. Extensive
conventional 2-D TEM analyses defined the plasmodesma as
a micro channel with a cytoplasmic sleeve, a space between

the tubular ER and the PM, spanned by spoke-elements
(Overall et al, 1982 Ding et al, 1992; Badelt et al, 1994).
However, a recent ET analysis on plasmodesmata in root tip
columella tissue showed clear traceability of cell lineage,
thus defining a new type of plasmodesma without a visible
intermembrane space between the ER and the PM. This has
led to a substantial remodeling of the ER-PM connections
ranging from very tight contacts to intermembrane gaps
with spokes during plasmodesmal maturation (Nicolas et al,,
2017). In addition, ET was also recently used to calculate the
plasmodesmal aperture size in Arabidopsis mutants and
overexpression lines of the lipid raft regulatory protein
Remorin (REM1.2 and REM1.3), demonstrating their
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important role in regulating plasmodesmal aperture (Huang
et al, 2019).

Symbiosis-membrane morphologies between species
by ET

ET has also been extended to study the ephemeral mem-
brane profile of plant—-microbe symbionts (Roth et al, 2019).
Taking the inherent advantages of 2-D TEM, Roth et al.
(2019) first obtained confirmative evidence of extensive
membrane tubules (memtubs) in the extracellular space be-
tween the fungal PM and cell wall as previously described
(Marchant and Moore, 1973). With additional support from
ET data, they demonstrated continuity between the mem-
tubs and the fungal PM. Furthermore, a connection between
vesicles within the peri-arbuscular space and the plant PM
was also revealed by ET (Roth et al, 2019). Such detailed
and covert membrane connections caused by the dynamic
and convoluted nature of the membranes involved, can
now be neatly illustrated by ET, and are hardly observed in
the projected and compressed 2-D micrographs.

Another ET study on arbuscular mycorrhiza focused more
on the classification of the membrane compartments that
lie within the peri-arbuscular space using another plant host
species (lvanov et al, 2019). This study adopted scanning
TEM-ET (STEM-ET) to image larger intact volumes (section
thickness up to 1 um) when compared with ET (250-300-
nm section thickness). In STEM, the electron beam is fo-
cused into a fine spot for scanning over the sample, which
makes it more resistant to the energy loss of the electrons.
Therefore, STEM is less limited with respect to the imaging
area and hence capable of imaging larger volumes (Aoyama
et al, 2008 Hohmann-Marriott et al, 2009; Wolf et al,
2014), albeit with the potential risk of losing information
caused by long periods of exposure to the intense electron
beam.

Whole-cell ET

ET analysis for small cellular structures has considerably ad-
vanced our understanding of intra- and intercellular mem-
brane dynamics at nanometer resolution. However, it is
challenging to use ET analysis on single sections to investi-
gate large-size organelles such as vacuoles or membrane
morphologies of multiple organelles with significant size dif-
ferences in plant cells, which can be addressed using whole-
cell ET analysis. Whole-cell morphological analysis on
vacuoles has been performed by SBF-SEM on Arabidopsis
embryo cells, and showed that the Arabidopsis protein stor-
age vacuoles arise by the remodeling of preexisting vacuoles
rather than by de novo biogenesis (Feeney et al, 2018). A
similar approach was applied to analyze auxin-induced vacu-
olar constrictions in Arabidopsis root cells (Scheuring et al,
2016). Although the SBF-SEM data were very informative at
the whole-cell level, the 100-nm serial section thickness
restricts the Z-axis resolution of the rendered model,
whereas the consumption of samples also prevents re-
imaging of the targeted areas at higher magnification.
Therefore, ET analysis at a whole-cell level is needed to
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completely reflect the large-size organelles or multiple organ-
elles of different size within cells. Indeed, despite the techni-
cal challenge involved, recent whole-cell ET analysis of
vacuole formation in Arabidopsis root cells has allowed a
new model of vacuole biogenesis to be formulated (Cui
et al, 2019). In this study, a whole-cell vacuole model was
reconstructed by ET, which demonstrated that the nascent
small vacuoles (SVs) contain intraluminal vesicles (ILVs) that
are derived from MVBs. The fusion among SVs and other
tubular vacuoles leads to the formation of larger vacuoles
(Figure 2, E and F; Cui et al, 2019). Of note, the vacuoles in
root cells of wild-type and the fragmented vacuoles in freel-
mutant cells were shown to be distinct separated structures
(Cui et al, 2019). Indeed, as revealed by ET, the distance
between two vacuoles can be as close as 20 nm (Figure 2,
G-1), which can hardly be resolved by CLSM (Cui et al,
2019).

The model was based on data from a whole-cell ET analy-
sis of three cortex cells with different vacuole sizes (Cui
et al, 2019). Interestingly, in addition to the cortex layer cells
showing developmental profiles of vacuole formation, other
cell layers in the Arabidopsis root tip may represent excel-
lent alternative systems for investigating models of vacuole
biogenesis and function in plants via whole-cell ET, including
epidermis, endodermis, root cap, lateral root cap, columella,
and stele. Although vacuoles already exist in the quiescent
center (QC) and initial cells (Figure 3, D; Viotti et al., 2013;
Cui et al, 2020a), plant cells can also synthesize vacuoles de
novo from MVBs in the root cortex (Cui et al, 2019). It
remains unknown whether vacuoles can be generated de
novo in different root cell layers and how these cells coordi-
nate the inherited vacuoles (e.g. in the QC) with the newly
formed ones (e.g. in cortex cells). Besides root cells, vacuoles
also exist and rapidly change their morphology during vari-
ous cellular processes in plants, including pollen develop-
ment and germination (Figure 3, A), embryogenesis
(Figure 3, B), stomatal development, and stomatal opening
and closing (Figure 3, C). Most previous studies on vacuole
dynamics and formation were mainly performed using
CLSM and 2-D TEM. It will be of great interest in future
studies to use the whole-cell ET analysis to further illustrate
vacuole dynamics and formation as well as the well-
coordinated cycles of vacuole fusion and fission processes
and vacuolar convolution during these important biological
processes (Figure 3, A-D).

Future perspectives: state-of-the-art and
proof-of-concept

Room-temperature ET combined with conventional CLSM
have greatly advanced plant membrane dynamics studies
especially in regard to fine and transient structures
(Nicolas et al, 2017; Yan et al, 2019), and have enabled
new whole-cell models to be presented (Cui et al., 2019).
More recently, new exciting technologies for sample prep-
aration and visualization under cryogenic conditions have
been developed for studying cellular structures in both
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Figure 3 Vacuole biogenesis and dynamics in plant growth and development. (A) Model of vacuole morphology and distribution during different
stages (microspore, immature, and mature) of pollen development and germination in Arabidopsis. This model is based on data derived from 2-D
TEM analysis (Backues et al., 2010). The mechanism underlying vacuole dynamics remains unknown. (B) Vacuole dynamics in egg cell, zygote, and
embryo development, which is based on CLSM data (Kimata et al., 2019). (C) Vacuole morphology in stomata development as well as stomata
opening and closing, which is based on both CLSM and TEM data (Serna et al, 2002; Gao et al, 2005). (D) Model of vacuole formation in
Arabidopsis root cells. D1, Different cell layers of the root. D2, The QC cells contain visible large vacuoles. D3, In cortex, SVs are derived from MVB

fusion (Cui et al., 2019).

yeast and animal systems. These include cryo-FIB milling,
cryo-lift-out, cryo-CLEM, and cryo-ET. These new techni-
ques have provided an unprecedented opportunity to ana-
lyze cellular structures and molecules in their native state
in various organisms.

In situ cryo-ET

In situ cryo-ET is a powerful tool for structural biology be-
cause it can directly visualize frozen-hydrated cellular sam-
ples, offering the best possible means to analyze 3-D
morphological structures of membranous organelles and
macromolecular assemblies in their native state (Beck and
Baumeister, 2016; Erdmann et al, 2018). In general, cryo-
fixed samples, either by plunge freezing or HPF, are imaged
under EM by tomography after proper trimming on a FIB,

followed by a series of image processing steps (Asano et al,,
2016; Koning et al,, 2018). With the recent resolution, revo-
lution of DEDs (McMullan et al, 2014; Kuijper et al, 2015)
and contrast-enhancing devices such as the Volta phase
plates (VPP; Danev et al, 2014), the resolution of cryo-EM
has greatly improved. These developments have not only
allowed single-particle analysis of protein structure at atomic
resolution (Danev et al,, 2017), but also facilitated the supe-
rior performance of in situ cryo-ET (Fukuda et al, 2015). In
this workflow, computational approaches like subtomogram
averaging (STA) play important roles in improving the reso-
lution (Briggs, 2013; Asano et al, 2016; Schur, 2019). Using
purified virus samples, cryo-ET has achieved sub-nanometer
resolution allowing the construction of atomic models
(Schur et al, 2016). When using unpurified cellular samples,
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structures of macromolecular assemblies (e.g. ribosomes,
proteasomes, and coat assemblies) can now be resolved
within complex, heterogeneous cell environments at a reso-
lution of 10-20 A (Albert et al, 2017, 2020; Bykov et al,
2017; Guo et al, 2018). Most recently, taking advantage of
DED, VPP, and STA, a new visualization approach called
membranogram has been developed and used to map the
densities of protein complexes decorating thylakoid mem-
branes into the native thylakoid architecture of
Chlamydomonas (Wietrzynski et al., 2020).

Cryo-FIB milling and cryo-lift-out

Cryo-FIB milling is a technology used to produce lamellae
thin enough for EM analysis (Marko et al., 2007). The major
challenge of cryo-ET is the sample thickness, with an opti-
mal sample thickness of less than 300 nm (Schaffer et al,
2017). Therefore, with a few exceptions of small-sized pro-
karyotic cells that can be imaged as a whole, all other cells
and tissues must be trimmed down. This was traditionally
achieved by cryo-sectioning (CEMOVIS; Al-Amoudi et al,
2004), but was recently replaced by cryo-FIB milling with
less artifacts (Hayles et al, 2010). With the aid of cryo-FIB
milling, Cryo-ET has been extensively used to solve various
native ultrastructure in yeast and mammalian cells, from
membrane contact sites (Collado and Fernandez-
Busnadiego, 2017) and mitochondrial membrane remodeling
(Ader et al, 2019) to nuclear pore complex (Mahamid et al,
2016) and protein aggregates (Guo et al, 2018). Most re-
cently, cryo-lift-out has been identified as a viable option to
process much larger HPF-prepared samples (up to ~200
pm) such as C. elegans for cryo-ET (Schaffer et al., 2019).

Cryo-CLEM

The CLEM technology provides an effective solution to
link fluorescent protein-tagged molecular identities (e.g.
regular, rare, dispersed, or transient events) with contex-
tual high-resolution ultrastructural information in situ (de
Boer et al, 2015). Traditionally, fiducial beads are required
to achieve faithful target recognition and the correlation
accuracy in CLEM (Arnold et al, 2016), with successful
examples in plant cells (Wang PF et al, 2019). Recently, a
post-correlation on-lamella cryo-CLEM approach has been
established to reduce the dependency on randomly dis-
tributed fiducial beads in correlation accuracy (Klein et al,,
2020). Indeed, the combination of cryo-CLEM with cryo-
FIB milling and cryo-ET inherits the outstanding perfor-
mance of cryo-ET in extracting high-resolution structural
information in situ where individual ribosomal transloca-
tion states can be distinguished (Schaffer et al, 2019). In
addition, FIB-SEM-based cryo-CLEM has been capable of
resolving protein—ultrastructure relationships in mamma-
lian cells at a whole-cell level with 4-8-nm isotropic reso-
lution (Hoffman et al., 2020).

Challenges and application in plant cells
Despite the recent development and demonstration of using
these state-of-the-art in situ cryo-ET and its auxiliary
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Figure 4 Membrane dynamics and TVs in germinating pollen tube.
(A) Membrane dynamics as revealed by 2-D CLSM imaging of a lily
(L1) pollen tube co-expressing the GFP-tagged lily vacuolar sorting re-
ceptor (GFP-LIVSR); and RFP-tagged lily secretory carrier membrane
protein (RFP-LISCAMP). Bar, 10 um. (B) Traditional 2-D transmission
electron microscopy (TEM) image showing a growing lily pollen tube
tip region. The outlined V-shaped area is rich in vesicles. Bar, 5 um.
Right panel shows the sample preparation workflow for 2-D/3-D TEM
analysis, in which pollen tubes suspended in in vitro germination me-
dia are first loaded in a planchette and capped with another one prior
to HPF. Frozen samples are then freeze-substituted (FS) in FS cocktail
in low temperature, followed by resin embedding and curing. Cured
resin blocks containing samples are then sliced to ultrathin sections
(<300 nm) by an ultra-microtome for subsequent TEM analysis. (C)
A xy slice of the tomogram reconstructed from the box area in B,
showing the complexity of a tip region with electron-translucent large
secretory vesicles (SV), electron dense granules (asterisks), mini vesicle
(MV; dashed box, the lower right inlet showing enlarged view; bar of
inlet, 50 nm), possible vesicle fusion with the PM (arrow) and possible
extracellular vesicles (EVs, arrowheads). The nature of PM fusion and
EVs can only be defined via further ET analysis. Bar, 500 nm. Right
panel shows the ET method of capturing images at angles typically
varied from —-60° to 60°. (D) A proposed model of TVs in growing pol-
len tube according to multiple 3-D volumes generated by ET method.
The right panel shows the legend. DV, dense vesicle; CCV, clathrin-
coated vesicle; CW, cell wall. (A) is adapted from (Wang et al. 2010;
Copyright 2010 Blackwell Publishing Ltd.).

technologies in yeast and animal systems, as well as in green
algae (Engel et al, 2015a; Wietrzynski et al,, 2020), their ap-
plication to vascular plant cells remains a challenge because
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Figure 5 Cryo-ET analysis of germinating tobacco pollen tube prepared by cryo-lift-out and cryo-FIB-milling. (A) General workflow of cell-sample
preparation for cryo-ET imaging analysis via Cryo-FIB. In plunge freezing using Vitrobot, a silica-coated grid loaded with pollen tube suspension is
picked up by a tweezer and rapidly plunged into liquid ethane or a mixture of liquid ethane and propane. In FIB-milling, the electron beam for
SEM imaging/monitoring and the focused gallium ion beam for milling are placed at certain geometry. Milling is achieved by multiple steps and fi-
nally generates a thin lamella (<300 nm) bridged between the remnants of the milled cell on the grid. Tilt serial imaging can be implemented af-
ter the sample is transferred from the cryo-FIB to cryo-TEM. Raw tilt images are next pre-processed and reconstructed to generate a tomogram.
Further analysis such as STA is optional for structural analysis on macromolecular assemblies (e.g. ribosomes). (B) SEM image of a targeted pollen
tube on the grid to be translocated (B1), with its tip region sticking out (white box), and the landing of the excised tip region held by a cryo-grip-
per (B2). Bar, 50 um. (C) TEM image of the milled lamella from the excised part of the pollen tube in B. Bar, 1 um. (D) A xy slice of the tomogram
reconstructed from box area in C. Bar, 200 nm. (E-G) Detailed features of box areas 1-3 in D, showing free ribosomes (arrowheads) near vacuole
(V) membrane (E, note the different textures between the vacuole lumen and cytoplasm), vesicles profile (F), rough ER (arrow) with ribosomes
(arrowheads), and surrounded lipid droplet (LD; G, note the differences in lipid bilayer of ER and the phospholipid monolayer boundary of the
lipid droplet). Bar, 100 nm. V, vacuole; LD, lipid droplet.

of their large size, the presence of the cell wall, as well as  need to be developed and tested for different plant cell
the complex cell types and large organelles such as the  types in order to address various biological questions in
vacuoles. Thus, optional workflows and specific protocols  plants. Below we will use a preliminary study on pollen tube
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Figure 6 Application of live-cell imaging and correlative EM/ET analysis in studying membrane dynamics and structures in plant cells. (A) Typical
membrane dynamics reflected by live-cell imaging, with black background and fluorescent signals. Shown patterns are hypothetical and supported
by examples. The first panel illustrates membrane tubulation, e.g. peroxisome extension (Thazar-Poulot et al,, 2015). The second panel shows vesi-
cle pitting, e.g. clathrin-coated vesicle (Sochacki et al,, 2017; Narasimhan et al., 2020). The third panel indicates transient membrane association,
e.g. autophagosome progression (Zhuang et al,, 2017). The last panel shows membrane fusion, e.g. vacuole fusion (Takemoto et al., 2018; Cui et al.,
2019). (B) Correlative study involves both molecular identities and in situ ultrastructures, which precisely navigates the events of interest and
provides an informative contextual cellular environment. (C) Morphologies and structures obtained by EM-based imaging showing snapshots of

cellular events in grayscale.

as a proof-of-concept to demonstrate the power of the dis-
cussed technologies.

Proof-of-concept: vesicles at the pollen tube tip

The rapid polar growth of pollen tube is maintained by
highly dynamic transport vesicles participating in both endo-
cytosis and exocytosis in the tip region (Grebnev et al,
2017), also known as the clear zone (Hepler and Winship,
2015). The dynamics and distributions of TVs have been ex-
tensively studied by CLSM and 2-D TEM (Figure 4, A and B),
pointing to the multiple roles of TVs in both endocytosis
and exocytosis with different models (Wang et al,, 2010; Li
et al, 2017; Luo et al, 2017; Li et al, 2018; Do et al, 2019;
Meng et al, 2020). For example, some CLSM studies on the
dynamics of GFP-tagged proteins in growing pollen tube
suggested that the active site for exocytosis is in the apex re-
gion (Lee et al, 2008; Wang et al., 2013), whereas other stud-
ies using pollen tubes stained with styryl FM dyes place it at
a shoulder sup-apical to the tip (Bove et al., 2008; Zonia and
Munnik, 2008). In addition, using 2-D TEM analysis, mor-
phologically distinct vesicles in the tip regions have been
identified (Lancelle and Hepler, 1992; Derksen et al, 1995;
Derksen et al,, 2002; Figure 4, B). However, the nature, iden-
tity, and function of these TVs remain elusive, suggesting
that a high-resolution 3-D map of the pollen-tube tip would
provide the basis for understanding the nature and function
of TVs in a growing pollen tube.

As a proof-of-concept, a “whole-cell” ET analysis was per-
formed on HPF-prepared, freeze-substituted lily pollen tubes
with a clear zone (Figure 4, B), resulting in an observation of
distinct transport vesicles (Figure 4, C) and a hypothetical
model of the pollen tube tip (Figure 4, D). Interestingly, in
addition to the presence of various vesicles, including
electron-translucent large secretory vesicles, dense vesicles,
and mini vesicles (Figure 4, C), a possible fusion event be-
tween a dense vesicle and the PM can also be observed in
this tomographic slice view (Figure 4, C, arrow). Whereas ex-
tensive apoplastic tubular structures, probably contributing
to the formation of extracellular vesicles (Cui et al, 2020b),
were also observed along the apical dome of the PM
(Figure 4, B and C). The outcome of these “whole-cell” ET
analyses will hopefully provide answers to these questions.

To obtain the most native ultrastructure of TVs from a
truly cryogenic image, we recently tested and used the cryo-
FIB milling procedure to prepare lamellae from germinating
tobacco pollen tubes after plunge freezing and cryo-lift-out
(Schaffer et al, 2019) for cryo-ET analysis (Figure 5, A-C).
This technique shows the in situ structures of ribosomes, ER
membranes, vacuolar membranes, and lipid droplets
(Figure 5, D-G) at an unprecedented resolution and clarity.
Therefore, through a combination of whole-cell ET analysis
of HPF-prepared pollen tubes, cryo-ET analysis of cryo-FIB
milled lamellae from the target pollen tube tip region, and
further developments in cryo-CLEM, the identity and
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OUTSTANDING QUESTIONS

® How can SRM, together with (cryo-)CLEM and
(cryo-)ET, be used to unveil the nature of the
long-debated plant extracellular vesicles in situ?

® Can single-particle tracking methods be used to
assign molecular identity to different
populations of vesicles at the pollen tube tip
and monitor their dynamic behaviors?

® Can correlative SRM and EM be applied to
study vacuole biogenesis and dynamics in
various cell types during plant growth and
development?

® Can whole-cell ET analysis be extended to map
vacuoles in different plant cell types (e.g. pollen
and stomata development) to understand the
dynamic roles of vacuoles in plant growth and
development?

® Can cryo-FIB lift-out technique enable
molecular-resolution cryo-ET within native
plant tissue?

® Will the combination of whole-cell ET and
cryo-ET be sufficient to answer questions on
the identity and function of pollen tube TVs?

function of TVs should be resolvable in the not too distant
future.

The above preliminary trials demonstrated that most of
the newly developed cryogenic technologies can be applied
to plant cells, which opens up new avenues for answering
the questions mentioned above. Most important in this re-
gard will be the discovery of structures, distributions,
conformations, and interplays of membrane-related macro-
molecules in their native cellular environment, which cannot
be attained by in vitro methods and room-temperature ET
(Engel et al, 2015b; Albert et al, 2020). In addition, this
dense, stereoscopic, and comprehensive information can fur-
ther lead us to their functions and mechanisms. For exam-
ple, cryo-ET can answer questions as to how TVs interact
with actin filaments (Stephan et al, 2014; Li et al,, 2017) and
whether the rough ER and ribosomes in the pollen tube tip
(Lovy-Wheeler et al, 2007; Hepler and Winship, 2015; e.g.
Figure 5, D and G) are translationally active. Cryo-ET can be
a new approach to investigate the “kiss-and-run” model of
exocytosis in the pollen tube tip (Guo and Yang 2020).
However, of course both biochemical and genetic
approaches will be needed for further functional characteri-
zation of molecules at these membranes.

Concluding remarks

Protein trafficking and organelle biogenesis are highly dy-
namic events in plant cells and play important roles in regu-
lating plant growth and development, as well as responses

Liu et al.

to environments. Recent advances in plant membrane dy-
namics by SRM have led to substantial improvements in
spatial resolution (Komis et al., 2018). The rich structural in-
formation generated by room-temperature ET combined
with CLSM keeps surprising us with new answers to old
questions. However, with the maturation of cryo-FIB lift-out
and cryo-ET techniques, new findings in plant organelle bio-
genesis, membrane dynamics, and structures can be
expected: a new era in plant membrane imaging has begun
(see the “Outstanding Questions”). In summary, Figure 6
illustrates the relationship and potential applications with
hypothetical examples of various live-cell imaging techniques
for membrane dynamics and correlative (cryo-)EM/ET analy-
sis on corresponding membrane structures in plant cells.
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