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1 | INTRODUCTION
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Abstract

The actin cytoskeleton is the driver of gross ER remodelling and the move-
ment and positioning of other membrane-bound organelles such as Golgi bodies.
Rapid ER membrane remodelling is a feature of most plant cells and is important
for normal cellular processes, including targeted secretion, immunity and sig-
nalling. Modifications to the actin cytoskeleton through pharmacological agents
such as Latrunculin B and phalloidin, or disruption of normal myosin func-
tion also affect ER structure and/or dynamics. Here, we investigate the impact
of changes in the actin cytoskeleton on structure and dynamics on the ER as
well as in return the impact of modified ER structure on the architecture of the
actin cytoskeleton. By expressing actin markers that affect actin dynamics, or
expressing of ER-shaping proteins that influence ER architecture, we found that
the structure of ER-actin networks is closely inter-related; affecting one compo-
nent is likely to have a direct effect on the other. Therefore, our results indicate
that a complicated regulatory machinery and cross-talk between these two struc-
tures must exist in plants to co-ordinate the function of ER-actin network during
multiple subcellular processes. In addition, when considering organelle struc-
ture and dynamics, the choice of actin marker is essential in preventing off-target
organelle structure and dynamics modifications.
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processes. The ER is primarily responsible for the syn-
thesis, packaging and quality control of critical cellular

1.1 | The importance of the ER and actin
cytoskeleton in normal cellular functioning

The endoplasmic reticulum (ER) and actin cytoskele-
ton are both essential for normal cellular functioning,
and function in concert across a diverse suite of cellular

components' and functions in the production of compo-
nents of plant cell immunity,” efficient metabolism of plant
hormones such as ethylene®> and recruitment of actin
regulatory complexes such as the WAVE/SCAR complex.®
Due to the pervasiveness of ER throughout the cyto-
plasm, the ER also acts as an essential reservoir of cell
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signalling components such as calcium,” and during seed
development holds key seed storage proteins including
globulins and prolamins.® The actin cytoskeleton, through
the action of actin-binding proteins which physically link
actin filaments to a variety of cellular constituents,'’- is
required for cellular processes such as cell division and
elongation,!' endocytosis and vesicle trafficking!®:4-12:15
and immunity."’-1%-16

The structure of the ER, and the varying proportions of
the structural ER subdomains (tubules and cisternae), may
play a role in the normal functioning of the ER. A high
abundance of cisternae has been associated with increased
production of secretory proteins, based on evidence of
an increased proportion of cisternae being commonly
associated with cells with increased secretory demands
in both plants and animals.?’??-?> The structure of the
plant ER is maintained by members of at least three
protein families: the reticulon protein family, responsible
for inducing tubules and membrane curvature,”->*2* the
Lunapark protein family, essential in cisternae formation®®
and RHD3, a putative plant ER fusogen.?®-?>-? Along-
side ER shaping proteins, both microtubules and the actin
cytoskeleton play some role in maintaining the structure
of the ER. The ER is anchored onto the microtubule net-
work, which plays a role in stabilising ER junctions and
tubule dead-ends,*2-3%-3! while slow tubule extensions are
thought to also be mediated by microtubules.>’ In mam-
malian cells, the structure of the ER in lamellipodia is
closely aligned to that of the underlying microtubules
and depolymerisation of microtubules causes some of
the ER to coalesce into cisternae.>® Furthermore, recent
super-resolution studies have shown that microtubules
play an essential role in supporting previously not visible
nano-structures within ER cisternae.**

Just as the structure of the ER is essential for normal
ER function, it is also thought that the architecture of
the actin cytoskeleton is essential for some cellular func-
tions. Specific actin filament conformations are required
for cell elongation and expansion, including root hair
development, pollen tube growth, pavement cell morpho-
genesis and trichome development.*’-*%:3% Moreover, the
actin cytoskeleton must be able to remodel with correct ori-
entation and structural organisation to ensure appropriate,
directed vesicle traffic, for example during the develop-
ment of ingrowth papillae in the transfer cells of Vicia
faba.?®

1.2 | The interconnectivity of the actin
and the ER

The ER in the majority of plant cells is in a constant
state of flux, remodelling at a rapid rate for reasons that

have not yet been fully elucidated.*® This remodelling is
achieved through ER tubule extension, retraction and slid-
ing, alongside cisternae formation, collapse, transmutation
and translocation.*>#:3%:40 Bulk translocation of the ER
also occurs in streams, found at variable depths within the
cell, which can reach speeds of up to 10 um/s, similar to
the rate of movement of other organelles.*!*3

The remodelling of the ER is mostly driven by the under-
lying actin cytoskeleton, working in concert with ER-
actin bridging proteins (e.g. SYP73, NET3B) and myosin
motors,*** in particular class XI myosins. Disruption of
the class XI myosins, through over-expression of truncated
myosin XI tail fusions that act in a dominant-negative
manner, or genetically knocking-out the expression of cer-
tain myosin genes, perturbs both the structure and the
dynamics of the ER.*®:47-46-43 Similar, but more extreme
perturbations are also seen on depolymerisation of the
filamentous actin cytoskeleton through treatment with
Latrunculin B (Lat B), a drug that prevents repolymeri-
sation of actin filaments.*’ Treatment with Lat B almost
entirely abolishes ER movement, save for residual oscil-
lations along tubules and cisternae edges, and the struc-
ture of the ER is perturbed.**>° Furthermore, the actin
cytoskeleton is particularly involved in the extension of
ER tubules,” though the existence of tubules themselves
are controlled by internal ER factors.”” The movement of
other organelles, such as the Golgi bodies, are also heavily
dependent on the function of the actin cytoskeleton.”>*

1.3 | Visualising the actin cytoskeleton

Common cellular compartment labelling techniques, such
as the use of direct antibody labelling and fluorescent
tagging of proteins of interest, are not easily applica-
ble to the actin cytoskeleton. One of the primary chal-
lenges of fluorescent labelling of the actin cytoskeleton is
that actin exists as two pools within cells - monomeric
actin (G-actin) and filamentous actin (F-actin), with F-
actin primarily responsible for cellular organisation and
dynamics.” Labelling of actin directly results in a large
pool of the monomeric actin becoming dominant, pro-
ducing a high background interference when collecting
images.”® It has also been reported that chimeric actin
with a large fluorescent tag, is not as efficiently incor-
porated into actin filaments as untagged actin.’® Though
much smaller chemical fluorophores exist, they are tech-
nically challenging to work with.”® Instead, the majority
of actin imaging is performed by fluorescently tagging
either entire, or just the active subdomains of actin bind-
ing proteins. Two commonly used actin binding protein
subdomains are FABD2 and Lifeact, the C-terminal half of
the Arabidopsis fimbrin 1 protein and the first 17 amino
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acids of the Saccharomyces cerevisiae actin binding protein
Abp140, respectively.”®77:69:5%:61. A more recent develop-
ment has been the actin chromobody, a 13 kDa actin
binding alpaca chromobody (ActinCb) which has been
used effectively for live cell actin imaging by confocal
microscopy.®**

Prior work comparing the differences between FABD2
and Lifeact by van der Honing et al.%® reveals differences
in the apparent architecture and the rate of actin fil-
ament movement.”-°1-%3 Furthermore, both Lifeact and
actin chromobody expression in tobacco leaf epidermal
cells have been shown to reduce the movement of Golgi
bodies, yet the meandering index of Golgi bodies (the ratio
of the displacement to velocity) is not affected by over-
expression of the actin chromobody.®” This is suggestive
that though the rate of Golgi body movement is reduced,
the Golgi bodies are moving in a similar way.

Despite the ubiquitous use of a variety of actin mark-
ers, little is known about the effect of actin visualisation
on the closely connected, overlying ER. Furthermore, the
effect of modifications to the ER on the architecture of the
underlying actin cytoskeleton has not been fully investi-
gated. Here we attempt to understand the interconnectivity
of actin cytoskeleton and ER structure.

2 | RESULTS

2.1 | The impact of transient
over-expression of actin markers on
organelle structure and dynamics

Visualisation of the actin cytoskeleton in living plant cells
usually requires the attachment of actin-binding proteins
fused to fluorescent proteins to actin filaments, as dyes
such as phalloidin, require cell fixation or, in the case
of rhodamine-phalloidin staining favour actin bundles as
opposed to the entirety of the actin network.®* Actin
markers like FABD2, Lifeact and an actin chromobody
(ActinCb; Figure 1) are most commonly imaged using con-
focal microscopy. Though all three probes localise to the
actin cytoskeleton, the structure of the cytoskeleton varies
in response to the actin probe used. To enable reliable stud-
ies on the interaction between ER and actin or even on
the actin cytoskeleton alone, it is crucial to investigate if
labelling of the actin cytoskeleton affects its functionality
for example in regards to the interplay with the ER.

To assess in detail whether the structure and dynam-
ics of the plant ER is affected by the over-expression of
actin markers, the ER of tobacco leaf epidermal cells was
analysed using AnalyzER.*' Full details of the variables
calculated by AnalyzER, and how they are calculated,
are detailed in Table S1. The ER was visualised each

time using transient expression of the ER lumenal marker
RFP-HDEL, transiently co-expressed alongside either ST-
GFP (Figure 2Ai-iii, the Golgi body marker ST-GFP is
used to act as a dual infiltration control), ST-GFP after
treatment with Latrunculin B (Figure 2Aiv-vi, a pharma-
cological agent that prevents repolymerisation of the actin
cytoskeleton), YFP-ActinCb (Figure 2Avii-ix), GFP-Lifeact
(Figure 2Ax-xii) or GFP-FABD2 (2Axiii-xv). A significant
difference between all groups was identified by MANOVA
(Pillai’s trace, p-value = 2.63 x 1072° and Roy’s largest
root, p-value = 1.44 x 10~'7). To visualise how the struc-
ture and dynamics of the ER is changed by expression of
actin probes and treatment with Lat B, the first 4 discrim-
inate canonical variables were plotted pairwise. Though
separation between the different treatment groups was not
complete, this is not surprising as basic ER structure is
required for normal cell functioning and extreme modifi-
cations to ER structure most likely result in cell death. The
first and second canonical variables appeared to partially
separate ER structure variable changes on Lat B treatment
and on GFP-FABD2 over-expression (Figure 2B). The third
canonical variable appeared to separate GFP-Lifeact from
other treatment groups (Figure 2C), while the separation
on the fourth canonical variable was less clear (Figure 2D).
A dendrogram plot comparing the group means after the
ANOVA revealed that both GFP-Lifeact and YFP-ActinCb
cause similar changes in ER structure (Figure 2E). GFP-
FABD?2 over-expression formed a different clade, and Lat
B treatment results in even more extreme changes in ER
structure.

After confirmation that there was a significant differ-
ence between the ER structure variables measured after
over-expression of actin markers and treatment with Lat B,
we proceeded to use multiple ANOVA’s (with a Bonferroni
correction for multiple comparisons applied to adjust each
p-value) to assess which ER variables are modified by over-
expression of actin markers or drug treatments (Table S2).
Significant changes in global speed, maximum speed and
persistency of both tubules and cisternae were detected.
While cisternae showed a modified geometry, polygonal
regions showed a modified geometry and area. Very lit-
tle change in the distribution of fluorophores through
the lumen of cisternae was identified in the presence of
actin markers measured through texture image analysis
techniques (see Section 4 for more details).

To further contextualise the results, the percentage
change for each variable has been included (Table 1).
GFP-FABD?2 appeared to significantly affect ER dynamics,
reducing mean tubule speed by 42.6% and mean cisternae
speed by 51.5%. The impact of GFP-FABD2 on ER dynamics
was even more extreme than the impact of treatment with
Lat B, which reduced mean tubule and cisternal speed by
31.4% and 48.2%, respectively. In addition, the ER became
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YFP-ActinC

FIGURE 1

GFP-Lifeact

GFP-FABD2

Labelling of the actin cytoskeleton with different fluorescent marker constructs. Representative images of tobacco leaf

epidermal cells with comparable expression of the actin markers (A) YFP-ActinCb, (B) GFP-Lifeact and (C) GFP-FABD?2 using confocal

microscopy. Scale bars =5 um

TABLE 1 Mean percentage change in measured ER structure and dynamic metrics

ER structural

subdomain Variable LatB YFP-ActinCb GFP-Lifeact GFP-FABD2

Tubules Global speed —31.4%** +22.2%* —13.6% —42.6%**
Maximum speed —26.0%* +18.9% —10.7% —35.1%***
Mean persistency +32.5%* +29.1% +13.5% +64.8%*

Cisternae Area +14.3%"* +18.9% +20.5% —22.7%
Elongation —5.7%* —3.9%"* —5.4%"* —6.5%"**
Global speed —48.2%** —31.3%* —22.3% —51.5%***
Maximum speed —24.2% —18.6% —11.9% —36.2%""*
Mean persistency +31.3%*** +12.7% +6.0% +32.1%***

Polygonal region Area +69.7% +10.3% +14.1% +48.1%**
Circularity +3.1% —0.6% —2.8% —2.9%*
Roughness —4.0% —0.3% +2.9% +1.6%
Elongation —5.8%** —3.3% +0.3% —4.2%*

Note: The mean percentage change in ER structure metrics after treatment with Lat B or co-expression with three actin markers: GFP-FABD2, GFP-Lifeact and
YFP-ActinCb. Comparisons are all given against the control ER structure. Only ER metrics that show a significant change after ANOVA analysis (Table S2) are
included. Significant changes in the in ER structure and dynamics after applying a post hoc Tukey’s HSD (with Bonferroni correction applied to all p-values) are

denoted using asterisks.
*p-value < 0.05,
**p-value < 0.01
***p-value < 0.001.

more ‘widely spaced” on GFP-FABD2 over-expression,
with the mean polygonal region size increased by 48.1%.
These increased gaps in the ER network may affect the
distribution of other organelles such as Golgi bodies that
are in direct contact with the ER. Organelle position and
dynamics, including that of the ER itself, have been corre-
lated with plant responses to pathogen attack, wounding
and heavy metal toxicity.®®%7-> Therefore, it is a concern
that the over-expression of GFP-FABD2 may inhibit plant
responses to these stressors. Some aspects of this phe-

notype, such as the reduced speed of ER remodelling,
are reminiscent of ER structure and dynamic changes
that occur on over-expression of the XI-K tail domains,
which functions in a dominant-negative manner.®®4%:46
Hence, an alternative explanation may be that GFP-FABD2
over-expression affects the functionality of myosins. YFP-
ActinCb and GFP-Lifeact over-expression appeared to
significantly alter fewer ER structural metrics and to a
lesser extent; with less extreme and largely non-significant
reductions in ER dynamics. Polygonal regions seem largely
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FIGURE 2 ER structure is modified by over-expression of the actin markers YFP-ActinCb, GFP-Lifeact and GFP-FABD2. (A) Transient
over-expression of the ER lumenal marker RFP-HDEL (magenta), infiltrated alongside either a second control construct or one of three actin
markers (green or yellow). Example images shown for (i-iii) RFP-HDEL and the Golgi body marker ST-GFP; (iv-vi) RFP-HDEL and ST-GFP
after treatment with Latrunculin B; (vii-ix) RFP-HDEL and YFP-ActinCb; (x-xii) RFP-HDEL and GFP-Lifeact; (xii-xv) RFP-HDEL and
GFP-FABD2. Separation of different treatments produced using the (B) first and second, (C) second and third and (D) third and fourth
discriminatory canonical variables. The 95% confidence level is shown by the black dotted line. (E) A cluster dendrogram of the group means.
Time series for clustering results obtained over five biological repeats, with a total of 129 time-series of cells analysed. Scale bars = 5 um
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unaffected but cisternae were slightly less elongated on
YFP-ActinCb and GFP-Lifeact over-expression (—3.9% and
—5.4%, respectively).

Alongside affecting ER structure, the distribution of
Golgi bodies throughout the cell was also affected.
Compared to control, there were significant changes in
the distribution of Golgi bodies on treatment with Lat
B to depolymerise the actin cytoskeleton, and on co-
expression of YFP-ActinCb, and GFP-FABD2 (Figure S1).
Interestingly, over-expression of GFP-Lifeact appeared to
have no significant impact on the distribution of Golgi
bodies.

Actin markers are frequently infiltrated into tobacco
leaf epidermal cells as part of transient expression experi-
ments. In these experiments, the level of expression is often
approximately controlled for by varying the optical density
of the infiltration medium used, thus delivering more or
less agrobacteria in the same volume of infiltration buffer.
A commonly used infiltration ODg is 0.1. When express-
ing GFP-FABD2 at commonly used level, fragmentation
of the ER, whereby the ER is broken up into numerous
distinct regions, occurred in approximately 25% of cells
(Figure 3A and B). This was irrespective of the concentra-
tion (ranging from ODgg, 0.01-0.1) of the agrobacterium
media used, however did not occur on expression of either
GFP-Lifeact or YFP-ActinCb (Figure 3C). Fragmentation
of the ER is likely to have serious consequences for ER
function, particularly in terms of the transport of lumenal
contents through the ER, such as Ca?*.%

2.2 | The impact of stable actin marker
expression on ER structure in Arabidopsis

The effect of stable expression of actin markers on
ER structure in Arabidopsis seedlings was also inves-
tigated. Stable expression lines for GFP-ActinCb, GFP-
Lifeact®" and GFP-FABD2,% respectively, were stained
with the lipid dye Rhodamine B and imaged using con-
focal microscopy (Figure 4A-D). The structure of the ER
was analysed using the AnalyzER software as described
previously. Significant differences in ER tubule length,
and polygonal region area, circularity and roughness were
identified by ANOVA (p-values 1.62 x 1072, 4.31 x 1072,
1.73 X 1072 and 1.73 x 1072, respectively, with all p-values
corrected for multiple comparisons using the Bonferroni
correction; Table S3). Comparison of the mean percent-
age change in ER structural characteristics revealed that
GFP-FABD2 over-expression induced the largest changes,
increasing tubule length by 25% and polygonal region
area by 61.5% (Table 2). However, the only statistically
significant change identified by Tukey’s HSD with Bonfer-

roni correction, was a significant reduction in polygonal
region circularity (6.1%, p-value 3.82 x 1072) and a sig-
nificant increase in polygonal region roughness (5.8%,
p-value 3.82x1072). In conclusion, stable expression of
GFP-ActinCb and GFP-Lifeact did not appear to affect
ER structure, however, Arabidopsis lines stably expressing
GFP-FABD2 showed a perturbed ER structure, which may
in turn affect the functional responses of these Arabidopsis
lines.

2.3 | The structure of the ER affects the
underlying cytoskeleton architecture

To investigate whether the structure of the ER affects the
architecture of the underlying actin cytoskeleton, the actin
marker YFP-ActinCb was co-expressed with the ER mem-
brane marker CXN-mCherry (Figure 5A)* and known ER
structure-modifying proteins RFP-LNP1 (Figure S6B) and
RFP-LNP2 (Figure S6C), both of which induce cisternae,?®
and RFP-RTNI, which increases the proportion of tubules
within the ER upon over-expression (Figure S6D).>

When using YFP-ActinCb as an actin marker, RFP-LNP1
over-expression resulted in a significant increase in the
density of actin filaments, which appeared to be particu-
larly dense under the induced cisternae (Figure 5). While
not statistically significant, there was also an increase in
density of actin filaments on RFP-LNP2 over-expression.
In addition, there was a decrease in the density of actin fil-
aments on RFP-RTNI1 over-expression, though again it was
not statistically significant (Table S4). This may indicate
that the density of actin filaments is dependent on the over-
lying ER architecture. Actin filaments have been shown to
support fenestrae (small holes) in liver sinusoidal endothe-
lial cell (LSEC) membranes.”’ ER cisternae of mammalian
cells have recently been described as regions contain-
ing many of these subresolution holes, though thus far
only the microtubule cytoskeleton has been implicated
in the distribution and dynamics of these holes.’?"!>3*
Therefore, the apparent increase in actin density under
induced ER cisternae may be linked to a requirement for
dense filament networks to support the complex, fenes-
trated structure of the overlying cisternae. As filament
density was increased, actin filament bundling was signif-
icantly decreased on stable over-expression of RFP-LNP1
and 2. Both GFP-Lifeact and GFP-FABD2 showed simi-
lar changes in actin density and paralellness in response
to ER structure-modifying protein over-expression and
almost no significant changes in bundling were seen
with GFP-Lifeact-or GFP-FABD2-marked actin cytoskele-
ton compared to the control condition (Figures S2 and S3,
Tables S5 and S6).
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FIGURE 3 Transient over-expression of
GFP-FABD2 can cause fragmentation of the
ER, irrespective of the optical density of the
infiltration medium. Transient expression of
GFP-FABD2 (green) and the ER marker
RFP-HDEL (magenta) showing (A) and ER
fragmentation phenotype and (B)
unfragmented ER, (C) a graph comparing the
occurrence of ER fragmentation with various
actin markers, GFP-FABD2, GFP-Lifeact and
YFP-ActinCb. Scale bars = 5 um. Results
taken from three biological repeats, with 78
technical repeats (B)
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3 | DISCUSSION

3.1 | Labelling of the actin cytoskeleton
can impact on ER structure and dynamics

Here we have shown that labelling of the actin cytoskele-
ton with fluorescent markers can impact on ER structure
and remodelling. FABD2 also changed the structure of
the ER most significantly both in transient expression on
tobacco epidermal leaf cells as well as in stable expression

Actin marker construct

in Arabidopsis. There have been variable reports on the
effect of FABD2 and Lifeact on plant development and
normal cellular functioning, with an early study suggest-
ing no significant difference in the overall development
and root length of Arabidopsis plants stably expressing
FABD?2 and Lifeact.®® However, a more recent, nuanced
study into the effect of actin marker expression levels
on pollen tube growth has shown that high levels of
FABD?2 over-expression have severe effects on the rate of
pollen tube growth, with Lifeact over-expression having
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Stable expression of GFP-FABD?2 affects the structure of the ER. The ER of 7 day old Arabidopsis leaf epidermal cells stably

stained using Rhodamine B hexyl ester in a control Col-0 plant (A) and in Arabidopsis stably expressing (B) GFP-ActinCb, (C) GFP-Lifeact
and (D) GFP-FABD2. (E) The mean polygonal region area that is entirely enclosed by the ER displayed as a series of boxplots. The upper
whisker extends to the largest value no further than 1.5 times the upper hinge (75% quantile), while the lower whisker extends to the smallest

value greater than 1.5 times the lower hinge (25% quantile). Results are shown for three biological repeats, for control, n = 8; GFP-ActinCb n =
5; GFP-Lifeact, n = 8; GFP-FABD?2, n = 8 cells. *** denotes a significant difference in distribution calculated using Kruskal-Wallis, p-value <

0.01, followed by a Tukey’s post hoc comparison. Scale bars = 5 um

significant, but less severe effects.”” Here we have found
that at commonly used ODs of 0.01 to 0.1, GFP-FABD2
can cause fragmentation of the ER and a reduction in the
rate of ER remodelling. This could be due to a reduction in
the formation of ER streams that require proper actin ori-
entation and organisation to form.** Taken together with

recent studies suggesting that FABD2 may perturb pollen
tube function, we suggest that FABD2 over-expression
might perturb the normal development of actin bundles
that play an essential role in cell function.

Previous work by Rocchetti et al.%> revealed that
the meandering index of Golgi bodies is reduced upon
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FIGURE 5 The effect of modified ER structure on the underlying actin cytoskeleton. Merged and single images of the actin marker
YFP-ActinCb (yellow) and ER membrane proteins (magenta) including (A) CXN-mCherry, (B) RFP-LNP1 which induces cisternae, (C)
RFP-LNP2 which induces cisternae and (D) RFP-RTN1 which produces tubules. Comparison of three actin architecture metrics measured
using the ‘LPX’ plugins. These include (E) actin filament density, (F) actin filament paralellness and (G) actin filament bundling. Significant
differences are denoted with asterisk, where *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001. Results shown from 4 biological replicas
and multiple technical replicas (CXN-mCherry, n = 38; RFP-LNP1, n = 34; RFP-LNP2, n = 28; RFP-RTN1, n = 21)
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TABLE 2 Mean percentage change in measured ER structure metrics in Arabidopsis lines stably expressing actin markers
ER structural
subdomain Variable GFP-ActinCb GFP-Lifeact GFP-FABD2
Tubules Length +2.6% —12.5% +25.0%
Polygonal region Area —4.5% —11.4% +61.5%
Circularity +1.3% —2.4% —6.1%*
Roughness -1.5% +1.2% +5.8%*

Note: The mean percentage change in ER structure metrics measured in Arabidopsis lines stably expressing GFP-ActinCb, GFP-Lifeact and GFP-FABD2. Com-

parisons are all given against the control ER structure. Only ER metrics that show a significant change after ANOVA analysis (Table S3) are included. Significant
changes in the in ER structure and dynamics after applying a post hoc Tukey’s HSD (with Bonferroni correction applied to all p-values) are denoted using asterisks.
Results are shown for three biological repeats, for control, n = 8; GFP-ActinCb n = 5; GFP-Lifeact, n = 8; GFP-FABD2, n = 8 cells.

expression of GFP-Lifeact, suggesting more unidirectional
movement of Golgi bodies, whereas expression of ActinCb
reduces the speed of Golgi movement. Here all tested
markers also affect the distribution of Golgi bodies most
likely due to effects on ER dynamics. The effect is similar
to Golgi body distribution observed after Lat B treatment*!
providing further evidence that actin labelling impacts
ER structure/dynamics as well as the distribution and
dynamics of the Golgi bodies.

3.2 | The structure of the ER and
underlying actin architecture are
interlinked

It has been known for some time that the architecture
of the actin cytoskeleton and the structure and dynamics
of the plant ER vary between cell type and developmen-
tal stage.”>%7+42:3% Furthermore, it has been clear that
normal functioning and structure of filamentous actin are
required to maintain a ‘normal’ ER structure.*3-20:42,46
Changing the structure of the ER by modifying cytoso-
lic pH has also previously been shown to not affect the
underlying actin cytoskeleton.”® However, our research
showed that the over-expression of ER-shaping proteins
does impact on the structure of the actin cytoskeleton. ER
cisternae appeared to be closely associated with densely
packed, fine actin filaments, clearly visible when the pro-
portion and size of cisternae is increased using transient
over-expression of both members of the Arabidopsis Luna-
park protein family. With over-expression of RTNI, the
actin filamentous network appeared sparser, with poten-
tially an increase in actin bundles or simply actin filaments
positioned so close together that they are below the reso-
lution limit. This change was not significant in terms of
the percentage cell occupancy by visible actin filaments.
However, this tendency to form bundles, with large spaces
between them, affected the orientation of actin filaments,
with the majority of filaments becoming orientated in a
similar direction. These results indicated that modifica-

tions to the ER structure may also affect the structure of the
underlying actin cytoskeleton. It must be noted, however,
that the impact of ER-shaping proteins on actin architec-
ture may be through indirect mechanisms, such as through
the modification of the dynamics of other organelles, for
example the Golgi bodies, which may in turn influence the
organisation of the actin cytoskeleton.

4 | MATERIALS AND METHODS
4.1 | Plant material and transformation

All experiments performed on either 4- to 6-week-
old N. tabacum grown in greenhouse conditions at
23°C or 7- to 10-day-old Arabidopsis grown on Y2 MS
plates. Transient transformation of tobacco leaves is
performed using agrobacterium-mediated transformation.
Transgenic agrobacteria were grown in LB with the neces-
sary selection antibiotics, pelleted by centrifugation (2200
x g for 5 min, room temperature) and washed once
and resuspended in the infiltration media composed of
5 mg/ml glucose, 50 mM MES, 2 mM Na3PO4 and 1 mM
acetosyringone. The bacterial solution is diluted to an
appropriate concentration of between ODg( 0.1-0.01. The
final solution is injected through small punctures in the
leaf made by pipette tips using a 1 ml syringe. After infil-
tration, plants were kept at 23°C for 3-4 days prior to
imaging.

Stable transformation of Arabidopsis seedlings for Act-
inCb and Lunapark proteins was performed as by Clough
and Bent.” Briefly, pelleted transformed agrobacterium
were resuspended in a 5% sucrose, 500 ul/L Silwet 77 solu-
tion. The flowering stems of Arabidopsis were dipped into
this media and agitated for 1 min, after which the plant
is removed and wrapped in Clingfilm for 24 h to ensure
agrobacterium survival and maximum transformation suc-
cess. Arabidopsis seeds were initially sterilised for 3 min
in 70% ethanol, dried at room temperature and then trans-
ferred to %2 strength MS plates. After 3 days’ stratification
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in the dark at 4°C, Arabidopsis seedlings were transferred
to an incubator and grown at 21°C for a further 7-10 days.
The following previously published constructs and
stable lines were used: 35S::GFP-fimbrin actin-binding
domain 2 (GFP-FABD2)*** and 35S::GFP-Lifeact.?”

4.2 | Imaging

Confocal microscopy was performed with a Zeiss LSM880
with an Airyscan detector using a Zeiss PlanApo 100x/1.46
NA oil immersion objective. An excitation wavelength of
488 nm was used to observed GFP, 561 nm for RFP and
514 nm for YFP.

4.3 | Latrunculin B treatment

In preparation for drug treatments, approximately 25 mm?
leaf segments are cut from transformed tobacco. These are
incubated abaxial side down in 25 uM Lat B at room tem-
perature for 30 min with the leaf surface in direct contact
with the Lat B. To prevent washout affects, the leaf pieces
are mounted for imaging in the Lat B solution.

4.4 | Rhodamine B staining

Rhodamine B hexyl ester was used to stain the ER in
Arabidopsis seedlings stably expressing the relevant actin
markers. Arabidopsis seedlings were transferred to a 1 uM
Rhodamine B hexyl ester solution and were incubated for
15 min at room temperature. After incubation, the seedling
is washed briefly in distilled water a mounted on a glass
slide in preparation for imaging.

4.5 | Image analysis

451 | Golgibody distribution

Golgi body distribution was assessed as in Renka’’ and
Vieira et al.”® Briefly, images of Golgi body distribution
were collected and cropped to the largest possible rectan-
gle containing only cell area within the field of view. Using
the ImageJ multi-point tool, the co-ordinates of each Golgi
body were manually obtained. The distance between Golgi
was calculated in R using the Tripack package.”’

4.5.2 | ERstructure and dynamics

The structure and dynamics of the ER was performed as
described in Pain et al.*' using the AnalyzER software. In
brief, time-series of confocal images are imported, back-

ground subtracted and up sampled to prevent downstream
pixilation errors. Cisternae are segmented using an open-
ing function and are subsequently mapped back onto the
underlying image by active contouring. The tubular net-
work is segmented using phase congruency enhancement
and then reduced to a single pixel wide skeleton run-
ning down the centre of each tubule. Polygonal regions
are defined as regions of cytoplasm fully enclosed by the
ER and are segmented by taking the negative network of
the tubular skeleton and cisternae. Several measures of
ER structure are produced at this stage, including tubule
length, cisternae size and geometry (elongation and rough-
ness), polygonal region size and geometry. The movement
of the ER is identified using the Farnebick method, which
identified both fine and coarse remodelling of the ER
using a three-level image pyramid. A neighbourhood of
5 pixels is used for initial detection. This provides a mea-
sure of the movement of the ER, is subcategorised by ER
morphological feature (either cisternae or tubules) and
is calculated as a global value (vector sum of speeds for
each pixel in the image) or a maximum speed, the maxi-
mum speed of any pixel in the time-series. However, this
measure does not well capture the proportion of the ER
that remains stationary for an extended period of time, in
particular ER-plasma membrane contact sites. For analy-
sis of the dynamic behaviour of stable regions of the ER,
an additional measure, network persistency, is also calcu-
lated. The persistency of the ER is calculated by dilating
the images of the ER skeleton and cisternae by the user
define half of the full width half minimum width of tubules
within the image. These binary images are summed over
a defined period of 12.5 s to provide a measure of the
persistency of each component of the ER in seconds.

Cisternae texture metrics (cisternae contrast, correla-
tion, energy and homogeneity) use texture based analysis
to identify subresolution modifications in the distribution
of fluorescent lumenal markers through cisternae. Once
the cisternae have been identified as described above, the
intensity value of each pixel in a cisternae is compared
to the intensity of surrounding pixels to give a grey-level
co-occurrence matrix (GLCM). Several measurements that
describe the GLCM and summarise the texture informa-
tion contained within each cisternae are calculated. Full
details are provided in Table S1.

Statistical analysis of ER structure and dynamic changes
was performed using the designated statistical analysis
package that was produced to accompany AnalyzER. A
MANOVA is performed first to identify whether there are
significant changes in ER structure and dynamics between
the treatment groups. Where a statistically significant dif-
ference is identified, further analysis by ANOVAs is used
with a Tukey’s HSD post hoc analysis to identify which
variables differ between groups. A Bonferroni correction
is applied at this stage to correct for multiple comparisons.
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4.5.3 | Quantifying actin structure

Actin structure was quantified using the LPX Image] plu-
gin as described in.”® Briefly, an ROI for each cell was
created using the ‘Freehand’ selections tool. The area and
angle of the long cell axis of the cell was measured using
the ROI. Any area outside of the region of interest is
masked. Finally, the actin network was skeletonised using
the following parameters: giwsiter = 5, mdnmsLen = 20,
pickup = otsu, shaveLen = 5 and delLen = 5. These results
are processed according to Higaki,” specifically ensuring
that actin filament density is normalised to cell area calcu-
lated from the ROI drawn around the cell in the first step.
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