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In plants, plasmodesmata establish cytoplasmic continuity be-
tween cells to allow for communication and resource exchange
across the cell wall. While plant pathogens use plasmodesmata
as a pathway for both molecular and physical invasion, the ben-
efits of molecular invasion (cell-to-cell movement of pathogen
effectors) are poorly understood. To establish a methodology for
identification and characterization of the cell-to-cell mobility of
effectors, we performed a quantitative live imaging-based screen
of candidate effectors of the fungal pathogen Colletotrichum hig-
ginsianum. We predicted C. higginsianum effectors by their ex-
pression profiles, the presence of a secretion signal, and their
predicted and in planta localization when fused to green fluo-
rescent protein. We assayed for cell-to-cell mobility of nucleocy-
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tosolic effectors and identified 14 that are cell-to-cell mobile. We
identified that three of these effectors are “hypermobile,” show-
ing cell-to-cell mobility greater than expected for a protein of
that size. To explore the mechanism of hypermobility, we chose
two hypermobile effectors and measured their impact on plas-
modesmata function and found that even though they show no
direct association with plasmodesmata, each increases the trans-
port capacity of plasmodesmata. Thus, our methods for quan-
titative analysis of cell-to-cell mobility of candidate microbe-
derived effectors, or any suite of host proteins, can identify
cell-to-cell hypermobility and offer greater understanding of
how proteins affect plasmodesmal function and intercellular
connectivity.

Keywords: fungal effectors, fungus—plant interactions, microscopy
and imaging, plasmodesmata

Cell-to-cell communication is essential for multicellularity,
and cells use a variety of mechanisms to exchange information
and resources. Plant cells are surrounded by cell walls but have
tunnel-like structures called plasmodesmata that cross the cell
wall and directly connect the cytoplasm of adjacent cells to estab-
lish the symplast. Small molecules such as sugars, metabolites,
and hormones can all move between cells through plasmodes-
mata (Cheval and Faulkner 2018; Liu and Chen 2018; Stahl
and Simon 2013), driven by cytoplasmic advection and diffu-
sion. Further, larger proteins can pass between cells via mecha-
nisms that involve active components such as protein unfolding
and refolding or possible intercellular trafficking motifs/domains
(Chen et al. 2013, 2014; Kragler et al. 1998; Taoka et al. 2007;
Xuetal. 2011).

The regulation of plasmodesmata is a critical component
of plant-microbe interactions. Many plant immune responses
are triggered by cell autonomous recognition of pathogen
molecules, but we and others have shown that plasmodesmata
dynamically respond to immune signals. We previously found
that both fungal and bacterial molecules induce plasmodesmal
closure in Arabidopsis thaliana. Chitin (from fungal cell walls)
and flg22 (from bacterial flagellin) both trigger plasmodesmal
closure, regulated by LYSM-CONTAINING GPI-ANCHORED
PROTEIN 2 (LYM2) and CALMODULIN-LIKE 41, respec-
tively (Faulkner et al. 2013; Xu et al. 2017). Observations that
plasmodesmal function influences infection outcomes identify
that plasmodesmal responses are key to ultimate defense suc-
cess (Faulkner et al. 2013; Lee et al. 2011; Xu et al. 2017). This
suggests two possibilities: plasmodesmal regulation is important
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for the execution of plant immune responses and/or it impairs
infection mechanisms deployed by the invading pathogens. The
latter implicates pathogen access to the symplast as a critical
component of infection.

Plasmodesmata present a route by which microbes can ac-
cess noninfected cells and tissues. Indeed, there are several
examples of pathogens directly using plasmodesmata to fa-
cilitate their passage between host cells in a growing infec-
tion. The best understood examples of this are infections by
viruses such as Cucumber mosaic virus and Tobacco mosaic
virus (Heinlein and Epel 2004). As obligate parasitic pathogens
that infect intracellularly, viruses actively target and modify
plasmodesmata to translocate their genomes between cells to
establish an infection. Interestingly, it has also been revealed
that some hemi-biotrophic fungal pathogens, including the rice
blast pathogen Magnaporthe oryzae, pass from cell to cell at
plasmodesmal pitfields (Kankanala et al. 2007). These findings
demonstrate that plant pathogens across different kingdoms have
acquired the capacity to recognize and exploit plasmodesmata
as sites of connection between cells to enable the spread of
infection.

To manipulate host plant systems, plant pathogens secrete an
arsenal of proteins, called effectors (Le Fevre et al. 2015; Torufio
et al. 2016). Because plasmodesmata allow the spread of solu-
ble molecules, soluble effectors that are delivered into host cells
also have the potential to move between cells via plasmodes-
mata. Indeed, M. oryzae produces the PWL2 and BAS| effec-
tors, which can move into noninfected cells (Khang et al. 2010).
This suggests that pathogens exploit plasmodesmata to access
and manipulate noninfected cells ahead of the infection front.
Further implicating the symplast in infection, the Fusarium oxys-
porum effector Six5 was found to enable cell-to-cell transloca-
tion of its co-transcribed effector Avr2 via plasmodesmata (Cao
et al. 2018). Moreover, both the Pseudomonas syringae effector
HopO1-1 and the Phytophthora brassicae effector RXLR3 tar-
get and modify plasmodesmata (Aung et al. 2020; Tomczynska
et al. 2020).

It is not yet fully understood how a microbe manipulates
host plasmodesmata, or what a microbe gains by accessing the
host symplast. To establish methods to address these questions,
we characterized the cell-to-cell mobility of candidate effectors
from the hemi-biotrophic fungal pathogen Colletotrichum hig-
ginsianum. We used a quantitative, live imaging-based screen to
identify candidate effectors that move from cell to cell in plant
tissues and found effectors that are cell restricted (immobile),
move cell to cell to a degree expected for a protein of that size
(mobile), and move farther than expected (hypermobile). Within
the hypermobile effectors, we characterized two effectors that
increase plasmodesmal conductivity, consistent with enhanced
mobility. These effectors have differential effects on host cell
processes and do not target characterized plasmodesmal regula-
tors, suggesting plasmodesmata and cell-to-cell mobility can be
modified in as yet undescribed ways. Our analysis shows that
quantitative cell-to-cell mobility assays and linear modeling can
reveal hypermobile protein behavior, correlated with an unex-
pected effect of cytosolic proteins on plasmodesmal function.
While we have deployed this analysis to explore the behavior
of non-endogenous proteins, these methods can be applied to
endogenous proteins to reveal hypermobility across a range of
signaling contexts.

Results

Identification of candidate cell-to-cell mobile
C. higginsianum effectors

To establish a candidate list of putative C. higginsianum ef-
fectors (hereafter referred to as “effectors”) exhibiting cell-to-

cell mobility, we mined published transcriptomic data covering
different infection stages (Dallery et al. 2017; O’Connell et al.
2012). Many effectors are secreted from pathogens into host
plant tissues (Lo Presti et al. 2015), and therefore we limited
our candidate cell-to-cell mobile effectors to those that encode
conventionally secreted proteins with a predicted signal peptide.
We also removed any sequences that had predicted transmem-
brane domains or glycosylphosphatidylinositol (GPI) anchors.
Gene expression data in O’Connell et al. (2012) define expres-
sion profiles during the following stages of growth and infection:
in vitro appressoria (VA), in planta appressoria (PA), biotrophic
phase (BP) of infection, and necrotrophic phase (NP) of infec-
tion. We reasoned that cell-to-cell mobile effectors would be
primarily relevant during the penetration (PA) and biotrophic
phases (BP) of infection (i.e., when the host tissue is alive) and
thus defined candidate cell-to-cell mobile effectors as those that
have enhanced expression in PA and BP phases relative to the
other two stages (i.e., PA/VA, BP/VA, PA/NP, and BP/NP > 2).
We further arbitrarily limited candidates to those for which BP
reads > 20 or PA > 50. After removing effectors with known
domains that suggest they are unlikely to act as effectors, such
as cell wall-modifying enzymes, our criteria produced a list of
33 candidates.

Plant proteins that are known to be cell-to-cell mobile are typ-
ically soluble within the cytoplasm or the nucleus (Chen et al.
2013; Gallagher and Benfey 2009; Gallagher et al. 2004; Kim
et al. 2002), and we made the assumption that C. higginsianum
cell-to-cell mobile proteins would have similar properties. Thus,
to further refine our list of candidate cell-to-cell mobile effec-
tors, we cloned these 33 candidate effectors as fusions to green
fluorescent protein (GFP) and screened for nucleocytoplasmic
and nuclear subcellular localizations by transient transformation
of Nicotiana benthamiana. Of these 33 effector—GFP fusions,
20 (Supplementary Table S1) showed nucleocytoplasmic local-
ization with strong enough expression to perform a cell-to-cell
mobility assay. None showed a specific nuclear localization.

Live cell screening for cell-to-cell mobility

To assay the cell-to-cell mobility of nucleocytoplasmic effec-
tors, we performed a live cell imaging-based screen using tran-
sient transformation of single epidermal cells in N. benthamiana.
For this we used Golden Gate modular cloning (Engler et al.
2008) to assemble effector—-GFP fusions and a cell transforma-
tion marker in a single backbone as a dual-expression cassette
vector (Reyes Caldas et al. 2022; Fig. 1A). For a cell transfor-
mation marker, we used dTomato fused to a nuclear localiza-
tion sequence (NLS-dTomato), reasoning that the dimerization
properties of dTomato would make a protein complex too large
to move from cell to cell.

To confirm the utility of NLS-dTomato as a cell transfor-
mation marker, we generated constructs that express GFP or
2 x GFP with NLS-dTomato (pICH4723.GFP.NLS-dTomato and
pICH4723.2xGFP.NLS-dTomato, respectively). Agrobacterium
tumefaciens infiltration of N. benthamiana leaves at alow ODggg
demonstrated that both fluorophores were expressed in the single
transformed cell. While GFP was frequently seen to move freely
from the transformed cell, both NLS-dTomato and 2 x GFP were
mostly retained within the transformed cell (Fig. 1; Supplemen-
tary Fig. S1).

Cell-to-cell mobility via plasmodesmata is dependent upon
the size of the molecule (Crawford and Zambryski 2001; Oparka
etal. 1999). To determine the relationship between size and mo-
bility in N. benthamiana leaves in more detail, we assayed the
mobility of four proteins of different sizes: GFP (26 kilodal-
tons [kDa]), YFPc-GFP (the 91 C-terminal amino acids of YFP
fused to GFP, 37.2kDa), YFPN-GFP (the 161 N-terminal amino
acids of YFP fused to GFP, 45 kDa), and 2xGFP (52 kDa)
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(Supplementary Fig. S1). We generated single cell transforma-
tion sites by low ODggg A. tumefaciens infiltration of N. ben-
thamiana leaves and counted the number of cells that exhibited
GFP surrounding a transformed cell for each construct (marked
by NLS-dTomato) (Fig. 1). We fit a quasi-Poisson function,
which makes minimal assumptions, through the data, obtain-
ing a smooth fit through the data that allows for the infrequent
mobility of the larger standard proteins (Supplementary Fig. S1).
However, we point out that the data do not exclude the existence
of a size exclusion limit, which could be anywhere upward of
2x GFP. This model, with a Bonferroni-corrected confidence in-
terval of the mean (P < 1 x 107°), defined a standard curve
against which to compare mobility of effectors of varying sizes.

Cell-to-cell mobility screen identifies mobile and
hypermobile effectors

To characterize the cell-to-cell mobility of nucleocytoplasmic
effectors, we cloned each of the 20 effectors in a dual-expression
cassette vector as described (i.e., pICH4723.Effector-GFP.NLS-
dTomato) (Fig. 1A). Assaying for cell-to-cell mobility, we ob-
served varying degrees of cell-to-cell mobility for the effectors
(Fig. 1B, bottom row); 6 effectors were restricted to the trans-
formed cell (Fig. 1B, middle row) in N. benthamiana and 14
exhibited cell-to-cell mobility (Supplementary Fig. S2).

To determine whether an effector’s mobility was as expected
for a soluble protein of that size, we compared effector mobility
with the standard curve (Fig. 2; Supplementary Fig. S1B). An
exact Poisson test identified a subset of four effectors that had
greater than expected mobility, and we defined these as “hyper-
mobile” (Supplementary Fig. S3). To confirm that this hyper-

Fig. 1. Green fluorescent protein
(GFP) fusions allow detection of

ALB

mobility did not arise from cleavage of the effector—GFP fusion
(to produce a smaller and thus more mobile protein), we assayed
the protein size of the GFP-fused four hypermobile effectors ex-
pressed in N. benthamiana by protein extraction and Western blot
analysis. Two strong bands for ChEC130-GFP were observed,
suggesting this effector is cleaved in planta (Supplementary Fig.
S4). However, the other three effectors showed little evidence
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Fig. 2. Mobility quantification for nucleocytoplasmic effectors reveals mo-
bile and hypermobile effectors. Mobility (number of cells to which green
fluorescent protein [GFP] has moved around a transformed cell) of effector—
GFP fusions. The standard curve is a quasi-Poisson generalized linear model
with a log-link function and the Bonferroni-corrected confidence interval of
the mean (P < 1 x 107°) (pink shading). Effectors were determined to be
significantly mobile (purple squares) by an exact Poisson test indicating the
rate of movement is significantly different from the standard curve (P <
1 x 10_5)4 Data are means =+ standard errors (n > 30, P < 1 x 10_5).
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of significant degradation or cleavage (Supplementary Fig. S4).
Thus, we concluded that ChEC127, ChEC129, and ChEC132
are hypermobile.

Mobile effectors can modify plasmodesmal function

The identification of both mobile and hypermobile effectors
suggests that C. higginsianum proteins might exploit and manip-
ulate plasmodesmata via different mechanisms. Hypermobility
suggests three possibilities: that the shapes, or Stokes radius,
of such effectors allow for more efficient translocation through
plasmodesmata; that effectors exploit an active translocation
mechanism; or effectors modify plasmodesmata (directly or in-
directly), which allows their passage. In this study, each of the
effectors is fused to GFP, and therefore the Stokes radius of
each fusion must be greater than that of GFP. Therefore, this
is unlikely to be a significant factor in observed hypermobil-
ity. To address the question of whether mobile and hypermobile
effectors modified plasmodesmal function, we exploited the un-
expected low-level mobility of NLS-dTomato observed postcol-
lection when the image contrast was adjusted (Supplementary
Fig. S5). NLS-dTomato clearly marked the transformed cell in
all cases, but when the contrast of the images was increased,
it was additionally observed in an average of 2.5 surrounding
cells in size-standard controls (Supplementary Figs. S5A and
S6). We quantified NLS-dTomato movement when co-expressed
with each mobile and hypermobile effector and observed vari-
ation in the spread of NLS-dTomato (Supplementary Figs. S5B
and S6). To determine whether hypermobility is associated with
a general increase in mobility that would indicate plasmodes-
mal regulation, we compared relative mobility of the effectors
(Mob, = Mob,s/Mobey,) to the mobility of NLS-dTomato when

produced in the presence of the effector. If the effectors have
no effect on plasmodesmal function, we would expect NLS-
dTomato mobility to be constant across all effectors. Thus, we
analyzed the data with an exact Poisson test, using the null hy-
pothesis that mobility of NLS-dTomato is 2.5 cells for all values
of Mob;, and found that ChEC127 and ChECS both significantly
increase NLS-dTomato mobility (Fig. 3A). This result suggests
that ChEC127 and ChEC8 modify plasmodesmal function. Cu-
riously, while ChEC127 is a hypermobile effector, ChECS is not,
suggesting that despite modifying plasmodesmal function, the
effector itself does not have increased translocation. This phe-
nomenon might be explained if ChEC8 binds other proteins in
plant cells to increase its effective size.

NLS-dTomato is targeted to the nucleus and therefore has a
limited pool available in the cytoplasm for cell-to-cell move-
ment. Further, NLS-dTomato is expected to dimerize to form a
complex that we expect has reduced mobility as a consequence
of increased size. Thus, this would render this protein a low-
sensitivity marker for changes to plasmodesmal function, detect-
ing only large changes to the plasmodesmal aperture. Therefore,
we extended our analysis of plasmodesmal function in the pres-
ence of hypermobile mobile effectors to examine the mobility
of cytoplasmic mRFP in Arabidopsis, a native host of C. hig-
ginsianum. For this, we generated Arabidopsis lines that stably
express fluorescent protein fusions of the hypermobile effectors
ChEC127 and ChEC132 (Supplementary Fig. S7)—ChEC127
has the highest Mob, and ChEC132 is the largest hypermobile
effector. We performed microprojectile bombardment assays
(Tee et al. 2022) on expanded leaves of two independent trans-
formed lines that express each effector and quantified spread of
mRFP from transformed cells 1 day post-bombardment. These

Fig. 3. Plasmodesmal regulation by A 8
mobile and hypermobile effectors.
A, Mobility of NLS-dTomato plotted
against the relative mobility (Mob,)
of a co-expressed effector in Nico-
tiana benthamiana leaf epidermal
cells. The standard curve represents
NLS-dTomato mobility in the pres-
ence of green fluorescent protein
(GFP) variants of different sizes with
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data showed that both ChEC127- and ChEC132-expressing lines
showed increased movement of mRFP relative to the Col-0 con-
trol (Fig. 3B). This increase in plasmodesmal flux of GFP was
not associated with a reduction in the amount of callose at plas-
modesmata (Supplementary Fig. S8), quantified by live-imaging
of aniline blue-stained callose. Thus, these data indicate that
ChEC132 also modifies plasmodesmal function like ChEC127
and ChECS, but that this might occur via a callose-independent
mechanism.

Hypermobile effectors indirectly modify plasmodesmal
function

The observation that effectors ChEC127 and ChEC132 mod-
ify the mobility of mRFP through plasmodesmata suggests
that these effectors target plasmodesmal function. We initially
screened effectors for nucleocytosolic localization, but to con-
firm that these effectors are not associated with plasmodesmata,
we stained plasmodesmal callose with aniline blue in Arabidop-
sis tissue expressing ChEC127-GFP or ChEC132-GFP (Fig.
4A). Neither of the effectors showed colocalization with plas-
modesmal callose, suggesting that they do not act directly on
plasmodesmata.

Plasmodesmal function can be modified in response to a vari-
ety of stress conditions by signaling molecules such as calcium
ions (Holdaway-Clarke et al. 2000) and reactive oxygen species
(Rutschow etal. 2011). To explore which processes are perturbed
in effector-expressing tissue to induce changes in plasmodesmal
function, and to begin to explore what processes cell-to-cell mo-

Fig. 4. Hypermobile effectors do A
not target plasmodesmata or alter
host plant gene expression patterns
known to be associated with cell-
to-cell mobility or plasmodesmata.
A, Confocal micrographs of Ara-
bidopsis tissue expressing Effector-
GFP (green fluorescent protein; left,
green in overlay) stained with ani-
line blue (middle, blue in overlay)

to mark plasmodesmata-associated
callose. The right panel shows the
overlay image. Scale bar: 10 pm.

B, CirGO visualization of GO terms
enriched among B genes downregu-
lated by ChEC132. Slice size repre-
sents the proportion of differentially
expressed genes (DEGs) attributed to
this GO term.

ChEC127

ChEC132

cellular response to iron ion starvation
positive regulation of iron ion transport
plant-type cell wall organization or biogenesis

bile effectors might manipulate during infection, we performed
transcriptomic RNA sequencing (RNA-Seq) analysis. Thus, we
assayed changes to the plant transcriptome induced in plants con-
stitutively expressing ChEC127-GFP and ChEC132-GFP rela-
tive to Col-0. We defined differentially expressed genes as those
for which we detected at least a twofold up- or downregula-
tion (|[log,[fold change]| > 1) and a false discovery rate (FDR)-
corrected P value < 0.01, and used GO Term Finder (Boyle et al.
2004) to identify biological processes that are significantly en-
riched within the differentially expressed genes for each effector.

Despite having a significant effect on plasmodesmal func-
tion, ChEC127 differentially regulated the expression of only
13 genes (11 upregulated and 2 downregulated; Supplementary
Table S3). By contrast, expression of ChEC132 caused differen-
tial expression of 217 genes (36 upregulated and 181 down-
regulated; Supplementary Table S4). GO term analysis indi-
cates constitutive expression of ChEC132-induced downregu-
lation of genes associated with iron transport and responses, in
addition to cell wall modification, growth, syncytium formation
(5 EXPANSIN genes also represented in the cell wall-loosening
GO term), and lipid metabolism (Fig. 4B). These data suggest
that ChEC132 perturbs a variety of processes, several of which
might perturb plasmodesmal function by yet uncharacterized
processes.

Heterologous expression of ChEC127 promotes virulence
Pathogen effectors are assumed to positively regulate vir-
ulence, facilitating infection success. To assess whether the

Aniline blue

Overlay

xyloglucan metabolic process

growth

unidimensional cell growth
plant-type cell wall organization ;

cell wall modification

cell wall organization or biogenesis
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hypermobile effectors ChEC127 and ChEC132 independently
promote virulence, we infected plants constitutively express-
ing these effectors with C. higginsianum and measured the size
of disease lesions 6 days postinoculation. These assays showed
that both independent transgenic lines that express ChEC127 de-
velop larger disease lesions (Fig. 5), identifying that expression
of ChEC127 promotes virulence. Plants expressing ChEC132
showed no increase in susceptibility (Fig. 5), suggesting that this
effector does not independently promote virulence under these
conditions. Curiously, the effects of ChEC127 and ChEC132
on virulence are reversed relative to the effects on the host
transcriptome.

Discussion

Host cell-to-cell connectivity is increasingly identified as a
component of plant immunity and pathogen infection. This sug-
gests that pathogen access to noninfected cells is important for
the infection strategies of a range of pathogens. Previous studies
have identified that specific effectors move cell-to-cell in host
tissues (Cao et al. 2018; Khang et al. 2010), and it was suggested
that cell-to-cell mobility is a property common to many proteins
within an effector repertoire (Li et al. 2021). To investigate this
further, we established methods to screen candidate effectors
for cell-to-cell mobility of effectors from the hemi-biotrophic
pathogen C. higginsianum. We generated a list of putative se-
creted effectors from publicly available data and used live-cell
imaging to identify a subset of 20 candidate effectors that have a
nucleocytoplasmic localization similar to many known cell-to-
cell mobile molecules. Our live cell imaging-based screen for
cell-to-cell mobility and analysis identified that 74% of nucle-
ocytosolic effectors are cell-to-cell mobile (14/19), with 16%
(3/19) showing greater than expected mobility (hypermobility)
(Fig. 2; Supplementary Fig. S2).

In addition to identifying that cell-to-cell mobility is possi-
ble for a range of effectors, as was also recently identified for
P. syringae effectors (Li et al. 2021), our data suggest that mo-
bile proteins can also indirectly regulate plasmodesmata. Our
quantitative approach enabled us to characterize effectors as im-
mobile, mobile, or hypermobile. We expect that mobile effectors
move “passively”’ from cell to cell, that is, they move through
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Fig. 5. ChEC127-expressing Arabidopsis are more susceptible to Col-
letotrichum higginsianum. Detached leaves from 4- to 5S-week-old Arabidop-
sis plants were inoculated with C. higginsianum spores, and disease lesion
areas were measured at 6 days postinoculation (n > 60). Boxes signify the
upper and lower quartiles, whiskers represent the minimum and maximum
within 1.5 x interquartile range, and gray dots indicate individual data points.
Bootstrap analysis of the lesion area means identified that lesions are larger
in ChEC127-expressing plants (**P < 0.01).

plasmodesmata at a rate expected for soluble molecules of the
same size (Fig. 2). Like the endogenous plant transcription fac-
tor LEAFY (Wu et al. 2003), these molecules can be consid-
ered to have no mechanism for active translocation and simply
move from cell to cell as soluble, freely diffusive molecules. By
analyzing two hypermobile effectors, ChEC127 and ChEC132,
we found that hypermobile proteins can modify plasmodesmal
function. These effectors trigger plasmodesmata opening to a
degree such that the effector itself (Fig. 2), as well as other solu-
ble molecules (as observed for mRFP; Fig. 3B), can move faster
and farther to neighboring cells. Our analysis method has identi-
fied different mechanisms by which individual proteins regulate
and access the symplast and would further identify proteins with
an active mechanism of active translocation (i.e., are hypermo-
bile but do not modify plasmodesmata). These mechanisms are
likely to be represented in effector repertoires of different inva-
sive microbes, as well as across endogenous soluble proteins.

Our data indicate that proteins interact with the symplast in
different and complex ways, suggesting that a similar diversity
of mechanisms of interaction with the symplast exists for soluble
proteins across a wide range of contexts. The methods we used
here, establishing a standard curve and using a linear model for
analysis, allowed us to reveal not only cell-to-cell mobile behav-
ior of the expected magnitude, but also hypermobile behavior.
Many studies investigate the cell-to-cell mobility of individual
proteins, but we and others are increasingly interested in the
processes that are underpinned by cell-to-cell mobility and thus
need to identify novel cell-to-cell mobile proteins. Most analy-
ses are currently low resolution, grouping mobility greater than
an arbitrary number of cells or cell layers in a single measure,
relying on pairwise comparisons to a single control or with no
comparison at all. Indeed, mobility is identifiable without a con-
trol, but our approach to collect quantitative and standardized
data reveals more complex phenomena. Our strategy establishes
a framework via which cell-to-cell mobile protein behavior can
be more exhaustively dissected.

Our screen revealed that three nucleocytoplasmic effectors
can modify plasmodesmal function (ChEC8, ChEC127, and
ChEC132) despite not being associated with plasmodesmata.
This raises biological questions relating to the different means
by which microbial proteins interact with the host symplast dur-
ing infection. Indeed, when we consider that it is likely that an
effector cocktail simultaneously acts during infection to promote
infection in host cells, we need to expand our hypotheses to en-
compass the effects on plasmodesmata from proteins that are not
obvious plasmodesmal regulators (i.e., do not localize to plas-
modesmata). That we identified multiple effectors that modify
plasmodesmata during infection raises the possibility that there
is a general increase in plasmodesmal aperture that might perturb
multiple host and infection processes.

To identify host processes that might mediate effector-
triggered changes to plasmodesmal function, we performed an
RNA-Seq analysis of plants constitutively expressing the hy-
permobile effectors ChEC127 and ChEC132 (Supplementary
Tables S3 and S4). This analysis presented contrasting transcrip-
tional effects of these two hypermobile effectors: ChEC127 in-
duced limited changes in the leaf transcriptome, while ChEC132
induced significant changes that indicate perturbation of a broad
range of biological processes. While this analysis did not iden-
tify obvious targets via which effectors might impact plasmodes-
mata, ChEC127 upregulated expression of three genes described
as encoding glycine-rich RNA-binding proteins (Atlg7870,
At5g45350, At4g38680) that have also been associated with
plasmodesmal regulation and cell-to-cell mobility (Ueki and
Citovsky 2005; Yan et al. 2020). ChEC132 induced downregula-
tion of genes associated with fatty-acid metabolic processes, and
it is well established that lipid composition of the plasmodesmal
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membrane affects plasmodesmal function (Grison et al. 2015)
and thus is a possible mechanism by which ChEC132 indirectly
modulates plasmodesmal function. That neither ChEC132 nor
ChEC127 associates with plasmodesmata or regulates expres-
sion of known plasmodesmal regulators further demonstrates
the potential of our approach to identify novel mechanisms of
plasmodesmal regulation.

Live-cell imaging and quantitative analysis of the cell-to-cell
mobility of C. higginsianum effectors has identified that this
microbe produces candidate effectors that are both mobile and
hypermobile in planta. For the effectors we further characterized,
hypermobility was correlated with an indirect effect on plasmod-
esmal functional aperture, allowing an increase in nonspecific
mobility between cells. These effectors are not associated with
plasmodesmata or with the regulation of known plasmodesmal
components, illustrating that plasmodesmata and the symplast
are regulated by a variety of processes. These methods can be
applied across a variety of systems to identify hypermobility of
proteins and plasmodesmal regulation in novel contexts.

Materials and Methods

Plant material

N. benthamiana plants were grown at 23°C under long-
day conditions (16 h:8 h, light/dark). Arabidopsis thaliana
plants were grown on soil at 22°C under short-day conditions
(10 h:14 h, light/dark) or on Murashige and Skoog medium under
short-day conditions (10 h:14 h, light/dark).

DNA constructs

Constructs for plant expression were assembled using the
Golden Gate cloning method (Engler et al. 2008); all module in-
formation is in Supplementary Table S2. The coding sequences
of effector candidates (without predicted signal peptides) were
domesticated to remove Bpil and Bsal sites and synthesized as
Golden Gate-compatible Level O vectors. For subcellular local-
ization analysis, effector sequences were fused to the N-terminus
of GFP and expressed from the CaMV 35S promoter. For the cell-
to-cell mobility assay and generation of Arabidopsis stable lines,
multicomponent binary vectors were assembled as outlined in
Supplementary Figure S1 and Supplementary Table S2.

Plant transformation

Transient gene expression in N. benthamiana was performed
as previously described (Cheval et al. 2020). A. tumefaciens
(GV3101) carrying binary plasmids was infiltrated into N. ben-
thamiana leaves at ODgoopm = 1.0 x 1072 to check subcellular
localization and at ODgognm = 1.0 x 107> to generate single-
cell transformation events for the mobility assay. Samples were
imaged 72-h postinfiltration. Stable transgenics were made by
floral dipping Arabidopsis Col-0.

Microscopy

Abaxial leaf tissue was imaged by confocal microscopy
(Zeiss LSM800) with a 20x water-dipping objective (W N-
ACHROPLAN 20x/0.5; Zeiss). GFP was excited with a 488-nm
solid-state laser and collected at 509 to 530 nm, and dTomato
was excited by a 561-nm solid-state laser and collected at 600
to 640 nm using sequential scanning.

Image and data analysis

To quantify effector—GFP mobility, we recorded the number
of fluorescent cells around the transformed cell, identified by
NLS-dTomato fluorescence. Data analysis was performed in R
statistical computing language v4.0.3 (R Core Team 2020). The
standard curve was generated with data obtained from mobil-
ity of GFP, YFPN-GFP, YFP-GFP, and 2 x GFP using a quasi-
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Poisson generalized linear model with a log-link function and
a Bonferroni-corrected P value < 1 x 107>, Effectors were de-
termined to be significantly mobile by the equivalent of a -test
for Poisson distributions (an exact Poisson test) in which the
mobility (cell count at 3 days postinoculation) is significantly
different to the standard curve (P < 1 x 107>). For analysis of
NLS-dTomato movement in the presence of different effectors,
we tested the null hypothesis that mobility of NLS-dTomato is
2.5 cells (as observed for the set of standard constructs) and
independent of effector mobility using an exact Poisson test.

Protein extraction and Western blotting

Protein extraction was performed as previously described
(Adachi et al. 2019). N. benthamiana leaf tissue transiently ex-
pressing effectors was collected for protein extraction at 3 days
postinfiltration. Leaf material was homogenized in ice-cold ex-
traction buffer (10% glycerol, 25 mM Tris pH 7.5, 1 mM
ethylenediaminetetraacetic acid, 150 mM NaCl, 2% wt/vol
PVPP, 10 mM dithiothreitol, protease inhibitor cocktail [Sigma],
0.2% Igepal [Sigma]), and the soluble fraction was collected by
centrifugation at 12,000 x g for 10 min. Proteins were sepa-
rated by SDS-PAGE and transferred to PVDF membrane (Bio-
Rad). Proteins were detected with 1/5,000-diluted anti-GFP con-
jugated to horseradish peroxidase (sc-9996; Santa Cruz Biotech-
nology).

C. higginsianum infection

C. higginsianum spores (5 x 10° spores/ml) were drop-
inoculated on detached leaves of 4- to 5-week-old Arabidop-
sis plants on 2% water agar plates. Plates were sealed with
parafilm and left for 6 days under short-day conditions (10 h:14 h,
light/dark; 25°C). The area of necrotic lesions was measured in
Fiji (Schindelin et al. 2012). Lesions were measured for at least
30 plants (2 leaves per plant) and across three independent exper-
iments. The mean lesion area for different lines was compared
using a bootstrapping method (Johnston and Faulkner 2021).

Microprojectile bombardment

Microprojectile bombardment assays were performed as pre-
viously described (Faulkner et al. 2013). Four- to six-week-old
expanded leaves of relevant Arabidopsis lines were bombarded
with 1-nm gold particles (Bio-Rad) coated with pB7TWG2.0-
mRFP, using a Biolostic PDS-1000/He particle delivery system
(Bio-Rad). Bombardment sites were imaged at 24 h postbom-
bardment by confocal microscopy (Zeiss LSM800) with a 10x
(EC Plan-NEOFLUAR 10 x 0.3; Zeiss) or 20x dry objective
(Plan-APOCHROMAT 20x/0.8; Zeiss). Data were collected
from at least two independent bombardment events, each of
which consisted of leaves from at least three individual plants.
The median normalized mobility (no. of cells) for different
lines was analyzed in R statistical computing language v4.0.3
(R Core Team 2020) by a bootstrap method (Johnston and
Faulkner 2021).

Callose staining and quantification

Plasmodesmal callose was stained using a 1% (wt/vol)
solution of aniline blue (415049; Sigma-Aldrich) dissolved in
phosphate-buffered saline (pH 7.0). Briefly, mature leaves taken
from 6-week-old, soil-grown Arabidopsis rosettes were infil-
trated with aniline blue, washed in distilled water, and mounted
on a microscope slide. Z-stacks of the lower epidermis were
acquired at 1-pm intervals using a Zeiss LSM800 confocal
microscope with a water immersion 63x objective lens (C
Apochromat 63x/1.2 W Korr ultraviolet-visible-infrared wa-
ter). Excitation of aniline blue was achieved using the 405-nm
laser at 3.5% power, and the resulting signal was collected using
a short-pass 470-nm filter. Images were acquired at 16-bit depth



and 1,024 x 1,024 pixel resolution using 2 x line averaging. Five
leaves were imaged for each genotype, collecting 5 Z-stacks for
each leaf (for a total of 25 Z-stacks per genotype).

Fiji was used to derive an average intensity projection from
each Z-stack, and the elliptical selection tool was used to mask
stomata and background signal. Plasmodesmal callose stain-
ing was quantified using a previously described Fiji macro
(Bellandi et al. 2022; https://doi.org/10.5281/zenodo.6583765)
with the following input parameters: threshold = 5,000, min-
size = 5, and maxsize = 100. A statistical analysis of the re-
sulting mean integrated density of detected particles per image
for each genotype was conducted in R using Shapiro-Wilk and
one-way analysis of variance tests.

Quantitative PCR (qPCR)

For comparison of transgene expression, Arabidopsis
seedlings were grown in vitro on 1x Murashige and Skoog
medium plus 1% sucrose for 14 days in long-day conditions
(16 h:8 h light/dark, 22°C). Three seedlings were harvested per
sample, and the experiment was performed in triplicate to pro-
vide three biological replicates. Harvested samples were snap
frozen on liquid nitrogen and ground to a fine powder using a
Geno Grinder (SPEX Sample Prep). RNA extraction, DNase
treatment, first-strand cDNA synthesis, and qPCR were per-
formed as previously described (Bellandi et al. 2022). Primers
used to amplify short regions of ChEC127, ChEC132, and
AtUBQI0 (housekeeping gene) are detailed in Supplementary
Table S5. Normalized relative quantities (NRQs) were generated
using the gBase model (Hellemans et al. 2007), and two-tailed
t-tests for samples with unequal variances were used to test for
significant differences in NRQs between transformants.

RNA-Seq analysis and GO term analyses

Leaves 7 and 8 of 4-week-old MS-grown Arabidopsis were
harvested for RNA extraction. Leaves from three plants were
pooled for a single replicate, and three replicates were collected
for each genotype. RNA was extracted using RNAeasy Mini
Kit (Qiagen) followed by DNase treatment (TurboDNase, Ther-
moFisher Scientific). Library preparation and Illumina sequenc-
ing (PE150, Q30 > 80%) with 10M paired reads was performed
by Novogene. Sequencing reads quality was evaluated using
FastQC v0.11.9 (Andrews 2010) and multigc v1.9 (Ewels et al.
2016). After quality control, Trimmomatic v0.39 was used to
remove Illumina sequence adapters and low-quality reads. Pro-
cessed reads were reassessed with FastQC v0.11.9 and mapped
to the A. thaliana TAIR10 release 37 genome assembly using
hisat2 v2.2.0 and Samtools v1.11 (Li et al. 2009).

Differential expression analysis was performed with DESeq2
v1.20.0 (Love et al. 2014) and the R statistical computing lan-
guage v4.0.3 (R Core Team 2020). Analysis methods described
by Love et al. (2014) were used to calculate normalized expres-
sion values for each gene across all samples. Normalized ex-
pression values were compared for all expressed genes in Col-0
to those in the effector expressing lines using a hypergeometric
test with the Benjamini and Hochberg FDR correction. Differ-
entially expressed genes were defined by [log;[fold change]| >
1 and FDR-corrected P value < 0.01. Differentially expressed
genes were analyzed by GoTermFinder (Boyle et al. 2004) with
a hypergeometric test with a Bonferroni correction to identify
biological processes enriched in the samples (adjusted P value <
0.01). CirGO (Kuznetsova et al. 2019) was used to visualize the
results.

Data statement

All raw data (images, RNA-Seq and quantification, and anal-
ysis of experimental data) will be made available in relevant
public repositories or as Supplementary Material.
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