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asymmetry proves that it facilitates fast

auxin transport from leaf tip to petiole.
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SUMMARY

The plant hormone auxin serves as central regulator
of growth and development. Auxin transporters in
the plasma membrane are assumed to define tis-
sue-level patterns of auxin distribution [1, 2]. How-
ever, auxin is small enough to diffuse through the
plasmodesmata that connect neighboring cells [3],
presenting an alternative pathway, whose contribu-
tion to auxin transport remained largely unexplored
[4]. Here, photoactivation microscopy [5, 6] was
used to measure the capacity for small-molecule
diffusion in the epidermis of Arabidopsis thaliana
leaves. In the elongated epidermis cells covering
the midrib and petiole, the plasmodesmata-medi-
ated cell-wall permeability was found to be several
times higher in the longitudinal than in the trans-
verse direction. The physiological relevance of this
asymmetry was tested through quantification of
the shade-avoidance response, which depends on
auxin transport from the leaf tip to the petiole in
the abaxial side of the leaf [7], with the hypothesis
that directionality of diffusion supplements trans-
porter-mediated auxin movement [8]. Triggering
the response by auxin application at the tip led to
stronger leaf movement in wild-type plants than in
gsl8 mutants [9], which lack the callose synthase
necessary to establish directionality. The results
match the predictions of a mathematical model of
auxin transport based on the permeabilities
measured in wild-type and mutant plants. It is
concluded that plasmodesmata permeability can
be selectively modulated within a plant cell and
that the conferred directionality in diffusion can in-
fluence the tissue-specific distribution patterns of
small molecules, like auxin.
1970 Current Biology 30, 1970–1977, May 18, 2020 ª 2020 Elsevier I
RESULTS
Asymmetry in Symplastic Connectivity at the Abaxial
Side of the Arabidopsis Leaf
Potential directionality of plasmodesmata (PD)-mediated (auxin)

transport in the Arabidopsis leaf was investigated by quantifying

symplastic cell-wall permeability using photoactivation micro-

scopy [5, 6]. Bymonitoring the spreading of the fluorescent tracer

fluorescein in theabaxial epidermisof the leaf, putativepreferential

transport across specific cell-cell interfaces was assessed. Fluo-

rescein has a similar hydrodynamic radius as auxin but is not

actively transported across membranes [3, 5, 6]. In the epidermis

cells covering the midrib, photoactivation experiments showed a

higher flux of activated tracers from target to neighboring cells in

the longitudinal direction (along the midrib) than to neighboring

cells in the transverse direction (Figures 1A and 1B). The same

pattern was observed for petiole epidermis cells (Figures 1D and

1E) but not for the equally elongated stem epidermis cells (Figures

1G and 1H) and the puzzle-piece-shaped pavement cells of the

leaf epidermis (Figures1Jand1K).Calculationof thePD-mediated

cell-wall permeability confirmed that epidermis cells along the

midrib and petiole have a significantly higher permeability in the

longitudinal than in the transversal direction (Figures 1C and 1F).

In contrast, pavement and stem epidermis cells showed a similar

permeability at all sides (Figures 1I and 1L). This patternwas found

at different developmental stages and in all leaf types assessed,

including young leaves that just developed elongated cells above

the midrib (Figures S1A and S1B). Differences in permeability for

the longitudinal and transverse interfacewere also found inbundle

sheath cells and in elongated parenchyma cells below the petiole

epidermis (Figures S1C–S1F). However, with a permeability ratio

of about 2 (Figure S1G), these differences are smaller compared

to themidribepidermisandpetiole epidermis forwhich theperme-

ability ratios amount to 3.5 and 5.9, respectively (Figure 1).

Diffusion Directionality Is Mediated by PD Callose
Deposition at the Transverse Interface
The two-dimensional differences in permeability in epidermal

cells at the leaf midrib and petiole could be due to differences
nc.
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Figure 1. Asymmetry of Cell Coupling in Epidermis Cells

(A, D, G, and J) Examples of photoactivation experiments in epidermal cells at themidrib (A), the petiole (D), the stem (G), and pavement cells (J) at the abaxial side

of Arabidopsis leaves. Panels show bright-field images of the epidermis (left) and fluorescence images during (middle) and 2 s after photoactivation (right).

Shaded areas overlaid on the bright-field images indicate target cell (white) and neighboring cells used for flux measurement (blue, yellow, violet, green). The

photoactivated target cell shows strong fluorescence onmiddle panels due to UV excitation (white area). Scale bars, 20 mm (J) and 100 mm (A, D, and G). See also

Videos S1, S2, S3, and S4.

(B, E, H, and K) Spatiotemporal dynamics of the symplastic flux of the activated fluorescein tracer from the target cell into the neighboring cells. Presented data

correspond to theexperiments inmidrib (B), petiole (E), stem(H), andpavementcells (K) shownon the leftwithcolorscorresponding to the respectiveneighboringcells.

(C, F, I, and L) PD-mediated cell-wall permeability at the longitudinal and transverse interfaces of midrib (C), petiole (F), stem (I), and pavement epidermis cells (L).

Related data on cell coupling in leaves of different developmental stages and between cells below the epidermis are provided in Figure S1. Average values are

indicated by cross, median values by line, quartiles by box, variability outside quartiles by error bars, and outliers by circles. Asterisks indicate significant dif-

ference (p < 0.05). n = 22 (C), 18 (F), 10 (I), and 25 (L).
in PD density or PD structure. Transmission electron microscopy

(TEM) showed that the PD density and the diameter of the PD

neck, i.e., the tightest part of the PD channel, are similar at

both interfaces (Figures 2A–2E), as is the cell-wall thickness
(Figures S2A and S2B). A higher fraction of branched PD was

found at the transverse interface than at the longitudinal inter-

face, but the difference was not significant (Figure 2F). Branched

PD are generally associated with reduced permeability due to
Current Biology 30, 1970–1977, May 18, 2020 1971



Figure 2. Role of PDDensity, Structure, and PDCallose Deposition in Determining Spatial Differences in Side-Specific Permeability ofMidrib

Epidermis Cells

(A–C) PD of midrib epidermis cells as seen on transmission electron micrographs at low (A) or high (B and C) magnification. (B) Plasmodesma in the longitudinal

wall. (C) PD in the transverse wall. Arrowheads indicate PD (A) or PD openings (B and C). Scale bars, 10 mm (A) and 200 nm (B and C).

(D–F) PD density (D), PD neck diameter (E), and fraction of branched PD (F) in longitudinal and transverse walls of midrib epidermal cells as determined by TEM

analysis. The corresponding data on cell-wall thickness are provided in Figure S2.

(G and H) Sirofluor staining of callose on midrib epidermis cells as seen by bright-field (G) and fluorescence imaging (H). Scale bars, 10 mm.

(I) Quantitative analysis of callose abundance at PD in the longitudinal and transverse walls based on sirofluor intensity.

(J and M) Representative images of photoactivation experiments showing a bright-field image, the fluorescence image during photoactivation and after pho-

toactivation in midrib (J), and petiole (M) epidermis cells of the gsl8 mutant.

(legend continued on next page)
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Figure 3. Effective Diffusion of Auxin in Various Cell Types of the

Abaxial Arabidopsis Leaf Epidermis

Effective auxin diffusion coefficients in different epidermal cell types at the

abaxial side of Arabidopsis wild-type and gsl8 mutant leaves, i.e., as calcu-

lated according to Equation 1 based on values for cell-to-cell distance and

symplastic permeability (Table S1).
callose depositions that restrict the cross-sectional diameter of

the PD channel [10–12]. Callose staining of epidermis cells at

the midrib showed smaller callose spots in the longitudinal

than in the transverse walls (Figures 2G–2I). To investigate

whether differences in permeability indeed depend on differen-

tial callose deposition, photoactivation experiments were con-

ducted in the loss-of-function mutant of GLUCAN SYNTHASE

LIKE 8 (GSL8). The gsl8 mutant cannot reduce PD permeability

due to a limited capacity for callose synthesis and deposition

at the PD neck region [4, 9, 13]. Callose staining with sirofluor

confirmed that gsl8 mutant plants have significantly less callose

at their PD (Figures S2C–S2E). In contrast to wild-type plants,

leaves of the gsl8 mutant did not show side-specific differences

in PD coupling in the midrib and petiole epidermal cells (Figures

2J–2O). These results strongly suggest that differences in sym-

plastic permeability between the longitudinal and transverse

interface of leaf epidermal cells are due to increased PD callose

deposition at the transverse interface.
Quantitative Analysis of Directional Auxin Diffusion in
the Arabidopsis Leaf
To quantify the degree in how far differences in interface perme-

ability in leaf epidermal cells at the midrib and petiole create a

channeling effect for the movement of auxin produced at the
(K and N) Spatiotemporal dynamics of the flux of the activated fluorescein tracer

cells of the gsl8 mutant as measured in the corresponding experiments presente

(L and O) PD-mediated cell-wall permeability at the longitudinal and transverse

mutant. Callose staining images of the gsl8 mutant are provided in Figure S2.

In boxplots, average values are indicated by cross, median values by line, quartile

bars, 100 mm (J and M). n (interfaces) = 17 (D), 24 and 22 (E), and 14 and 12 (F);
leaf tip toward the petiole, effective diffusion coefficients D

(mm2 s–1) were calculated using the following Equation 1 [3]:

D =
Dcyt

Dcyt

P � L
+ 1

(Equation 1)

The effective diffusion coefficient depends on the cytosolic

diffusion coefficient Dcyt, the PD-mediated interface permeability

P, and the center-to-center distance between cells in the direc-

tion of transport (L). Values for permeability and cell-to-cell dis-

tance are listed in Table S1. Focusing on auxin, with an estimated

cytosolic diffusion coefficient of 220 mm–2 s–1 [3], the effective

diffusion in the midrib and petiole epidermis in wild-type plants

is ten times higher in the longitudinal direction than in the trans-

verse direction (Figure 3). The effect of the permeability differ-

ences on directed auxin transport is hereby enhanced by the

lower number of cell walls an auxin molecule has to pass in the

longitudinal direction compared to the transverse direction. In

the gsl8 mutant, auxin diffusion does not show a side-specific

preference as all epidermal cell types exhibit a high level of

permeability in both the longitudinal and transverse direction.

However, despite the lack of significant differences in inter-

face-specific permeability (Figure 2), the effective auxin diffu-

sivity in gsl8 midrib and petiole epidermis cells is consistently

higher in the longitudinal than in the transverse direction due to

the elongated shape of these cells, which means a lower number

of cell walls have to be crossed (Figure 3). However, this differ-

ence in spatial auxin diffusivity only amounts to a factor of about

1.5 (Figure 3).

Cell-Specific Polarity in Auxin Diffusion Contributes to
Physiological Responses of the Leaf
To investigate whether the directionality in auxin diffusion in the

Arabidopsis leaf epidermis is physiologically relevant, a mecha-

nistic model of auxin transport was developed and tested. In

this model, auxin originates in a source region at the tip of the

leaf and propagates by molecular diffusion through the midrib

and lamina (Figure 4A). Auxin is ‘‘deposited’’ at the beginning

of the simulation rather than ‘‘produced’’ continuously. The

transport path is modeled as an anisotropic diffusion process

(Figure 4B; see, e.g., [14]), and the molecular flux (cf. Fick’s

law) is expressed as

jx = � Dxvxc

jy = � Dyvyc

where D is the effective diffusion coefficient, vc the concentra-

tion differential and the subscripts x and y denote, respectively,

the longitudinal direction along the midrib and the transverse

path. The diffusion equation, which describes the spatial evolu-

tion of the auxin concentration in time, is
between target cell and neighboring cell in midrib (K), and petiole (N) epidermis

d in (J) and (M).

interfaces of midrib (L) and petiole (O) epidermis cells in the Arabidopsis gsl8

s by box, variability outside quartiles by error bars, and outliers by circles. Scale

n (callose spots) = 121 (I); n (experiments) = 8 (L) and 11 (O).

Current Biology 30, 1970–1977, May 18, 2020 1973



Figure 4. Functional Role of Symplastic Directionality of Auxin Transport in the Leaf Hyponasty Response

(A) Photograph of an Arabidopsis leaf with indications of the auxin source and target region (gray boxes). The dashed line indicates the location of the midrib.

(B) Graphical representation of a compartmental model for tip-to-base transport of auxin within the leaf epidermis, with indication of the longitudinal and

transverse fluxes jx and jy (see details in the text).

(C) Sketch of the idealized leaf geometry indicating the modeled compartments and fluxes.

(D) Temporal dynamics of auxin concentration in arbitrary units in the target tissue ‘‘c_target’’ for different k values following application of a start concentration c0
at the source region.

(E) Radioactivity levels in the petiole 1 and 4 h after application of a drop of radioactively labeled auxin on the leaf tip in the wild type (green) and gsl8mutant (gray).

(F) Radioactivity in the basal half of the leaf 1 and 4 h after application of a drop of radioactively labeled auxin on the leaf tip in the wild type (green) and gsl8mutant

(gray).

(G) Images ofArabidopsis seedlings at the time of auxin application to the leaf tip (0 h) and at 12 h following auxin treatment showing stronger leaf angle increase in

wild-type than in gsl8 mutant plants.

(H) Temporal dynamics of relative leaf angle increase in wild-type and gsl8 Arabidopsis seedlings after exogenous application of auxin to the leaf tip. Related

control data on PIN auxin transporter expression and cell coupling after auxin application are provided in Figure S2.

In the boxplots (E and F), average values are indicated by cross, median values by line, quartiles by box, variability outside quartiles by error bars, and outliers by

circles. Asterisk indicates a statistically significant difference (p < 0.05). Error bars in (H) indicate standard error. n (plants) = 6 (E and F); n R 20 (H).

1974 Current Biology 30, 1970–1977, May 18, 2020



vtc = Dyv
2
yc+Dxv

2
xc; (Equation 2)

where t is time. A parameter k is defined to represent the rela-

tive rate of diffusion between the transverse and longitudinal

direction, and that is calculated via the following formula: k =

Dy=Dx. To elucidate the impact of the k on auxin transport,

the spatiotemporal dispersion of a start concentration c0 pulse

initially confined to the circular source region was simulated

(Figure 3C). The simulation hereby assumes complete absence

of initial auxin in the rest of the leaf (c = 0 at t = 0) and no auxin

sinks. Using Equation 2, the auxin concentration dynamics at

the target region at specific time points is then determined

for different k values. Three relative rates of directional diffusion

were considered, namely, k = 0.1 as in the case of wild-type

plants, k = 1 assuming similar diffusivity in longitudinal and

transverse directions, and k = 0.67 as in the gsl8 mutant

(Figure 3).

Simulation of auxin diffusion using Equation 2 in the geometry

of Figure 4C reveals that cell-to-cell transfer of auxin molecules

generally occurs faster for smaller values of k (Figure 4D). The

reason that anisotropic cellular connectivity enhances disper-

sion is that stronger gradients—and hence faster diffusion of

molecules—can be maintained when transport is restricted

within a single spatial dimension (along one axis).

To assess to what extent the modeling results reflect the

in planta situation, actual transport of auxin in leaves of wild-

type and gsl8 mutant plants was assessed. Tip-to-base auxin

transport was measured by applying a drop of isotopically

labeled indole-3-acetic acid (IAA) to the leaf tip of wild-type

and gsl8 plants. After 1 h, the increase in radioactivity detected

in petioles was significantly higher in the wild type than in the

gsl8, with a similar trend visible after 4 h (Figure 4E). In

contrast, radioactivity in the basal half of the leaf blade

increased significantly more in the gsl8 mutant than in the

wild type (Figure 4F), supporting the hypothesis of the mutant’s

auxin channeling ability being compromised. These results

were further confirmed by a non-invasive experimental assay

that relies on the leaf hyponasty response. When a drop of

auxin is applied to the leaf tip, it triggers upward movement

of the leaf position, and the extent of leaf angle increase

strongly depends on the level of auxin transported to the

petiole [7, 8]. The transporters that contribute to active auxin

transport, i.e., PIN3, PIN4, and PIN7 [7, 8], do not show differ-

ential expression in wild-type and gsl8 mutant plants before as

well as after auxin application (Figure S2F), indicating that dif-

ferences in the hyponasty response are mainly due to differ-

ences in passive diffusion (k values). As predicted, the leaf

angle increase of the gsl8 mutant upon auxin supplementation

was lower compared to that in wild-type plants, exhibiting a

maximum increase of about 15� in contrast to the 26� in the

wild type (Figures 4G and 4H). It should be noted that exoge-

nous auxin application did not affect the PD-mediated cell-wall

permeability in the wild type, indicating that there is no feed-

back regulation of auxin on directional cell-to-cell connectivity

(Figure S2G). The graphs of the modeled auxin concentration

at the target region and the associated physiological response,

i.e., leaf angle increase, exhibit a similar pattern and thus

corroborate the model’s prediction that asymmetry in PD-

mediated cell coupling contributes to directed auxin transport
in the Arabidopsis leaf with significance for the plant’s

physiology.

DISCUSSION

The results presented here demonstrate that PD of the same cell

can have different permeabilities. Blocking of PD at one side of a

cell has been recognized as mechanism of symplastic domain

formation during tissue differentiation [15–17]. Here, however,

PD are shown to be partly, rather than completely, blocked.

This callose-dependent modulation can create previously unrec-

ognized directionality in molecular diffusion pathways, as

demonstrated for auxin transport along the midrib and petiole

epidermis. Such directionality is likely to also benefit the trans-

port of other molecules with similar or smaller size compared

to auxin. One potential candidate is glucosinolates, defense

compounds that are produced in the vascular parenchyma of

large veins but that are subsequently distributed across the

whole leaf lamina [18]. The directionality and high capacity of

diffusion in the midrib epidermis cells could facilitate their uni-

form distribution across the whole leaf blade. Furthermore, the

directionality might help to retain concentration maxima close

to the veins, thereby strengthening the protection against

phloem-feeding insects. An investigation of asymmetric cell

coupling in the root tip might provide further insights on how

PD modulation contributes to the elaborate patterning of auxin

flux that is currently almost exclusively described in relation to

the position of auxin transporters [19, 20].

Indeed, the question of how active fluxes via membrane trans-

porters are coordinated with passive fluxes via PD channels re-

mains unanswered for most interfaces, posing a major challenge

to our understanding of small-molecule distribution patterning

and inter-cellular signaling. This also applies to the presented

case of auxin transport from the leaf tip to the petiole. The high

diffusivity enabled by long cells connected by a cell wall with

PD-mediated permeability of 5 mm s–1 indicates a limited contri-

bution of auxin transporters, whose auxin transport activity was

previously estimated at 2.8 mm s–1 [3]. This stands in contrast to

the strongly reduced leaf angle increase upon auxin application

that was observed in the pin3pin4pin7 auxin transporter triple

mutant [8]. One explanation might be that auxin transporters

are essential for a certain part of the pathway, for example, the

transport toward the midrib epidermis cells. Alternatively,

instead of solely facilitating basipetal transport, auxin trans-

porters may facilitate transport from pavement and parenchyma

cells into the midrib cells, thereby strengthening the channeling

effect. This is supported by the observation that, in the hypocotyl

epidermis, PIN3 moves from the apical/basal membrane of the

cell to the lateral part upon leaf shading or exogenous auxin

application [21]. Moreover, membrane-mediated auxin transport

can regulate plasmodesmal transport, as observed during the

hypocotyl tropic response [4]. While an effect of increased auxin

concentration on permeability was excluded here, reduced

auxin concentration, as in the pin3pin4pin7mutant, might nega-

tively influence PD permeability.

Quantitative data essential for answering questions regarding

the relative contribution of membrane transporters and PD-

based symplastic connectivity to intercellular transport might

be obtained in the future through refined photoactivation
Current Biology 30, 1970–1977, May 18, 2020 1975



techniques, as well as by accurate theoretical modeling of PD

transport [22, 23]. In addition, future identification of the mecha-

nism(s) that target or regulate the activity of callose synthases

and glucanases at specific sites in the cell peripherymight be uti-

lized in genetic approaches for directed modulation of the PD

permeability, hence enabling precise evaluation of the contribu-

tion of PD transport to the total intercellular flux of a molecule of

interest.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d LEAD CONTACT AND MATERIALS AVAILABILITY

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS
197
B Plant growth and sample preparation

B Photoactivation microscopy

B Image analysis and calculation of permeability

B Quantification of plasmodesmata structure and den-

sity

B Callose staining

B Computational procedure for auxin transport model

B Quantification of gene expression

B Direct measurement of auxin transport

B Leaf angle measurements

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND CODE AVAILABILITY
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

cub.2020.03.014.

A video abstract is available at https://doi.org/10.1016/j.cub.2020.03.

014#mmc7.

ACKNOWLEDGMENTS

Microscopic imaging was performed at the Center for Advanced Bioimaging

(CAB) of the University of Copenhagen and Northwest A&F University’s Life

Science Core Services Facility. K.H.J. was supported by a research grant

(17587) from Villum Fonden.

AUTHOR CONTRIBUTIONS

Conceptualization, A.S. and J.L.; Methodology, Xiaohui Liu, K.H.J., Q.X.,

H.J.M., A.S., and J.L.; Investigation, C.G., Xiaohui Liu, N.D.S., K.H.J., Q.X.,

J.Y., Xiangdong Liu, and J.L.; Visualization, C.G., Xiaohui Liu, K.H.J., and

J.L.; Writing – Original Draft, J.L.; Writing – Review & Editing, C.G., N.D.S.,

K.H.J., A.S., and J.L.; Funding Acquisition, A.S. and J.L.; Resources, S.C.,

A.S., and J.L.; Supervision, H.J.M., A.S., and J.L.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: November 19, 2019

Revised: February 9, 2020

Accepted: March 6, 2020

Published: April 9, 2020
6 Current Biology 30, 1970–1977, May 18, 2020
REFERENCES

1. Adamowski, M., and Friml, J. (2015). PIN-dependent auxin transport: ac-

tion, regulation, and evolution. Plant Cell 27, 20–32.

2. Boutt�e, Y., Ikeda, Y., and Grebe, M. (2007). Mechanisms of auxin-depen-

dent cell and tissue polarity. Curr. Opin. Plant Biol. 10, 616–623.

3. Rutschow, H.L., Baskin, T.I., and Kramer, E.M. (2011). Regulation of solute

flux through plasmodesmata in the root meristem. Plant Physiol. 155,

1817–1826.

4. Han, X., Hyun, T.K., Zhang, M., Kumar, R., Koh, E.J., Kang, B.H., Lucas,

W.J., and Kim, J.Y. (2014). Auxin-callose-mediated plasmodesmal gating

is essential for tropic auxin gradient formation and signaling. Dev. Cell 28,

132–146.

5. Liesche, J., and Schulz, A. (2012). In vivo quantification of cell coupling in

plantswith different phloem-loading strategies. Plant Physiol. 159, 355–365.

6. Liesche, J., and Schulz, A. (2012). Quantification of plant cell coupling with

three-dimensional photoactivation microscopy. J. Microsc. 247, 2–9.

7. Pantazopoulou, C.K., Bongers, F.J., Küpers, J.J., Reinen, E., Das, D.,
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Chemicals, Peptides, and Recombinant Proteins

Hypochlorite solution Sangon Biotech Cat#A501944

Ethanol Sangon Biotech Cat#A500737

Murashige and Skoog (MS) medium Sigma-Aldrich Cat#M5519

Agar Sigma-Aldrich Cat#A7921

CMNB-caged fluorescein Invitrogen Cat#F7103

Dimethyl sulfoxide Sangon Biotech Cat#A600163

Glutaraldehyde Sigma-Aldrich Cat#G5882

Osmic acid Sigma-Aldrich Cat#75633

LR White resin Sigma-Aldrich Cat#L9774

Uranyl acetate SPI Supplies Cat#02624-AB

Lead citrate solution scienceservices.de Cat#DM22410

Sirofluor solution Biosupplies Cat#100-1

Trizol Invitrogen Cat#15596018

Perchloric acid Sigma-Aldrich Cat#244252

Hydrogen peroxide Sigma-Aldrich Cat# H1009

Isotopically labeled [5-3H] IAA American Radiolabeled Chemicals Cat#ART0340-1 mCi

IAA Solarbio Cat#I8020

Critical Commercial Assays

PrimeScript RT reagent kit (Perfect Real Time) TaKaRa Cat#RR037B

TransStart Tip Green qPCR SuperMix Transgen Cat#AQ141

Oligonucleotides

Primer sequences are provided in the STAR Methods

section Quantification of gene expression

This study N/A

Recombinant DNA

gsl8 mutant NASC N665827

Software and Algorithms

ImageJ NIH, USA https://imagej.nih.gov/ij/

COMSOL COMSOL https://cn.comsol.com/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to the Lead Contact, Johannes Liesche (liesche@

nwafu.edu.cn, +4915227131405).

This study did not generate new unique reagents. The Arabidopsis gsl8 mutant used in this study is available from Arabidopsis

stock centers.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The wild-type Arabidopsis ecotype used in this study was Columbia (Col0). The Arabidopsis gsl8 mutant was purchased from Not-

tingham Arabidopsis Stock Centre (NASC). Adult plants were grown in soil or MS medium under long day condition (16 hr light/8 hr

night) at 22�C.

METHOD DETAILS

Plant growth and sample preparation
Seeds of Arabidopsis thaliana ecotype ‘‘Columbia’’ (wild-type) and the gsl8 mutant (NASC stock number N665827) were vernalized

for 5 days at 4�C, and subsequently sterilized in hypochlorite solution for 5 min and then in 70% ethanol for 2 min. After sterilization,
e1 Current Biology 30, 1970–1977.e1–e4, May 18, 2020

mailto:liesche@nwafu.edu.cn
mailto:liesche@nwafu.edu.cn
https://imagej.nih.gov/ij/
https://cn.comsol.com/


the seeds were washed with sterile Milli-Q water for two times and allowed to germinate on 1/2 strength Murashige and Skoog (MS)

medium. Plants were transferred to plates containing full strength MS medium or to pots containing soil grown and under 16h/8h

light-dark cycles at 22�C in growth cabinets. Primers used for genotyping of the gsl8 mutant were LP, ATATGCTGCGATGTTTT

CACC, BP, ATTTTGCCGATTTCGGAAC, RP, AACGAAAAGGGAATTCAAAGC. Seedlings with four to nine true leaves were used

for photoactivation experiments. A very small part of the leaf (about 0.5 mm) was sliced off with a razor blade and the leaf was imme-

diately submerged in a solution containing fluorescein bis-(5-carboxymethoxy-2-nitrobenzyl) ether (CMNB-caged fluorescein, Invi-

trogen). After 1 h incubation at room temperature, the leaf was rinsed with phosphate buffered saline, pH 7.2 (1X PBS, 130 mMNaCl,

2.6 mM KCl, 7 mM Na2HPO4, 1.2 mM KH2PO4) and the whole seedling was mounted on a slide. In some cases, incubation time was

extended to up to eight hours (overnight). To prevent samplemovement during imaging, small seedlings weremounted on slides with

0.2%agar solution. Caged fluorescein was kept as a stock solution, with 1mg dissolved in 1mL of dimethyl sulfoxide, protected from

light at �20�C. Right before use, 10 mL of stock solution was dissolved in 1 mL of PBS for a final concentration of 10 mg mL-1.

Photoactivation microscopy
A revised protocol of photoactivation microscopy using caged fluorescein was developed to measure PD-mediated cell wall perme-

ability with improved accuracy. After loading of the photoactivatable dye, its fluorescence was monitored before, during and after

photoactivation (Figure S3). Confocal laser-scanning microscopes Leica SP2, Leica SP5X or Leica SP8 (Leica Microsystems)

were used for all experiments. The UV lasers used for photoactivation (Coherent) were set to 40 mW output power at 351 and

364 nm ( = full power) on the SP2 and to 70 mW at 355 nm on the SP5X and SP8. For imaging activated fluorescein, the 488 nm

line of the argon laser was used with 25% preset laser power and 15% gain of the acousto-optical tunable filter. Using the spectro-

metric filter, the detection window for fluorescence emission was set from 495 to 550 nm. A 40x dipping lens (NA 0.95, Leica Micro-

systems) was used in all experiments except for cases where the field of viewwas too small to capture the whole target and neighbor

cells and a 20x dipping lens (NA 0.85, Leica Microsystems) was used. Gain of the photomultiplier tube detector was set to somewhat

below signal saturation, typically at 700 to 800 V. For better image quality and stronger photoactivation effect, two times line aver-

aging was activated, in which each line is scanned twice per image. UV laser excitation was limited to the target cell using the free-

form region of interest (ROI)-scanning function. Attention was paid to restrict activation to within the target cell without impinging the

peripheral cytoplasm of neighboring cells. Fluorescent emission was recorded during complete time series consisting of pre-photo-

activation, photoactivation, and post-photoactivation phases. The duration of the photoactivation phase varied between 2 and 18 s,

as this was found to provide themost reliable results (Figure S3H). For the shortest photoactivation times, the resonant scanner of the

SP5X was used, which enables imaging rates of 15 fps instead of the 1 fps with the standard scanner.

Generally, fluorescence quantification measurements were performed at a single focus plane located at an estimated distance of

1/3 of the cell thickness to the top of the cell. Measurements of permeability at the same cell-to-cell interface at different z-positions

was performed to evaluate variability of results, however, no significant differences in measured permeabilities at different depths

were recorded (Figures S3I–S3M). This observation is in line with previous experiments on mesophyll cells in Cucurbita pepo [6].

Image analysis and calculation of permeability
Three regions of interest (ROIs) were drawn to determine the flux of the activated dye and to quantify the concentration potential for

the interfaces between the target cell (TC) and each neighboring cell (NC) (Figure S3B), using ImageJ [24]: For flux measurement, a

ROI corresponding to the respective neighbor cells was drawn and values for total fluorescence (integrated density) were extracted.

For dye concentration measurements, a ROI of about 5 mm width was drawn on each side of the respective interface and values for

relative fluorescence (integrated density divided by area) were extracted (Figure S3B). In addition, the length of the interface between

target and neighbor cells was measured. Using these parameters, the flux and permeability between the target cell and each neigh-

boring cell was determined according to the following procedure. First, the signal in the neighbor cell was corrected for background

fluorescence by subtracting the average pre-photoactivation values from the values during and after photoactivation. Since imaging

of areas with notable background fluorescence was avoided, the intensity pre-photoactivation was less than 10% of the activation.

The background-corrected values were then divided by the number of seconds after the start of photoactivation and by the TC-NC

interface length to yield the flux in mol(fluorescence) mm-2 s-1. Values are expressed per mm2 as cell-to-cell flux was here determined

based on 2D imaging, i.e., in one single focus plane, and in the present case of using a 40x NA0.95 objective and 488 nm laser exci-

tation, the focal plane is 1 mm thick.

Flux values solely quantified based on the accumulation of fluorescence signal in the NC are lower than the actual values because

dye molecules continue to diffuse toward second-tier NCs during the photoactivation period (Figures S3C and S3D). Therefore, a

correction factor was introduced, which was determined for each interface. To determine the correction factor (Figure S3E), ROIs

comprising all the first-tier neighbor cells and all the second-tier neighbor cells were drawn and values for absolute fluorescence (in-

tegrated density) were extracted. After background subtraction, the average ratio of fluorescence in the second-tier neighbors f2 and

in the first-tier neighbors f1 between the first frame of photoactivation and the first frame after photoactivation was calculated. This

was performed for 10 different experiments, of which corresponding values for each type of interface were averaged. The correction

factor CF with which the flux values were multiplied was defined as

CF = 1+
f2
f1
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Flux values were calculated for each time point from the first image during photoactivation to the first image after photoactivation. To

determine the concentration potential, the value of relative fluorescence in the ROI on the neighbor-cell side of the respective inter-

face is subtracted from the relative fluorescence on the target-cell side (Figure S3B). Concentration potentials were calculated for

each time point and then averaged in accordance with the period of flux movement. The PD-mediated cell wall permeability P

(mm s-1) was then calculated by dividing the flux J by the concentration potential across the interface vc:

P =
J

vc
:

Values between 1 s and 18 s aswell as the first post-photoactivation imagewere averaged and taken as the final value of permeability

for the respective interface. The reliability of this procedure to determine PD-mediated cell wall permeability was evaluated by the

measurement of the average permeability for the TC-NC1 interface compared to the NC1-NC2 interface, which appeared very similar

(Figures S3F and S3G). Variations in permeabilities were observed when single cell-cell interfaces were analyzed (Figure S3G). How-

ever, themagnitude of this variation was generally below previously described variation levels in similar studies [3, 5, 6]. Furthermore,

despite the presented example showing variation in single interface permeability ranging from 1.9 to 5.8 mm s-1 (Figure S3G), the

average value of 3.7 mm s-1 lies very close to the values determined for the whole TC-NC1 or NC1-NC2 interfaces (Figure S3F).

Considering the relatively high variability in single interface permeabilities, all permeability measurements were determined based

on the averaging of at least 20 repetitions. In these calculations, only TC-NC1 coupling was considered since NC2 cells do not entirely

fit the field of view when investigating coupling between larger cells.

Quantification of plasmodesmata structure and density
Samples of 3 mmwide leaves from 17-day-old plants were fixed in 2.5% glutaraldehyde in 0.1M PBS (pH 7.2) for at least 12 hours at

4�C. Samples were washed four times in 0.1M PBS (pH 7.2) for 15 minutes before incubation in 1% osmic acid for 4 hours at 4�C.
Samples were then washed in phosphate buffer and dehydrated in an ethanol and acetone series. Samples were embedded in LR

White resin and afterward sectioned on an ultramicrotome (UCT, Leica Microsystems). Sections were consecutively stained in 2%

uranyl acetate for 20 minutes and lead citrate for 15 minutes. Next, sample preparations were observed and imaged using Transmis-

sion ElectronMicroscopy (TEM: Fei TECNAI G2 SPIRIT BIO). PD density was determined from electron micrographs as described by

Liesche et al. [22]. Any portion of a PD visible in a micrograph was included in the quantitative analysis. With a section thickness of

70 nm and an average PDdiameter of 46 nm, it is unlikely that any PDwas left out. To avoid double counting of PD, no directly consec-

utive sections were analyzed. PD diameters weremeasured at the neck region, which is assumed to be the part that is responsible for

the regulation of permeability [25].

Callose staining
Microscopic quantification of callose deposition at plasmodesmata was performed according to the protocol of Zavaliev and Epel

[26]. Leaves were cut off at the base of the petiole and immediately submerged in 96% ethanol. After incubation over night at

room temperature, a small part at the tip of the leaf was cut and samples were incubated in 0.01% Tween-20 for 1 hour at room tem-

perature. Sirofluor solution (Biosupplies, Australia) was prepared as a 0.1 mg/ml stock solution in distilled water. To obtain the work-

ing solution, the stock solution was diluted 1:3 with 0.1M K3PO4 (pH = 12.0). Samples were stained in sirofluor solution at room tem-

perature for 2 hours. After mounting on microscope slides, the samples were examined using a confocal laser-scanning microscope

(SP5X, LeicaMicrosystems, Germany) with a 63x NA1.2 objective. The 405 nm laser at 50% laser power was used for excitation, and

the emission detection window was set at 475 nm to 525 nm. The detector gain was set at around 500 V and the pinhole size at

330 mm. Image analysis and post-processing was performed in ImageJ [24]. A circular ROI with a diameter of 1.5 mm was drawn

around each callosic spot and themean intensity was recorded. Mean intensities were then compared for the spots at the transverse

and longitudinal walls of the leaf midrib epidermis cells.

Computational procedure for auxin transport model
Equation 2was solved numerically for different k-values in the idealized leaf using the finite-element method software package COM-

SOL (version 5.4, COMSOL Inc., Burlington, MA, USA). The relative error in the numerically determined concentration is ± 5%and the

mesh size was chosen following the convergence procedure used by Jensen et al. [27].

Quantification of gene expression
Gene expression in leaves of Arabidopsiswild-type and gsl8mutant plants was measured as described by Xu et al. [28]. Briefly, total

RNA was extracted using Trizol (Invitrogen) and first-strand cDNA was synthesized from 1 mg of total RNA with the PrimeScript RT

reagent kit (Perfect Real Time, TaKaRa) according to manufacturer’s instructions. Transcript levels were quantified using qPCR on a

CFX Connect Real Time (Bio-Rad) device with TransStart Tip Green qPCR SuperMix (Transgen) according tomanufacturer’s instruc-

tions. qPCR experiments were performed on three independent biological samples and on four technical replicates, and suitable Cq

values for these replicates were averaged. Expression levels were normalized to the reference gene UBQ10. The following primers

were used: PIN3 fw, ACCAACAATCCTTACGCAAT; PIN3 rv, AGGAATCCCCATAACAAGAGT; PIN4 fw, CTACGCAGGTTCTCTA

ATGGTC; PIN4 rv, TCGGATTCAACTTTAAACGAA; PIN7 fw, GTACCCAGCTCCTAATCCG; PIN7 rv, TTCCGACTTGTTCATTGGCTC;

UBQ10 fw, GGCCTTGTATAATCCCTGATGAATAAG; UBQ10 rv, AAAGAGATAACAGGAACGGAAACATAGT .
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Direct measurement of auxin transport
Isotopically labeled [5-3H] IAA (concentration 1 mCi/mL, Article number 0340, American Radiolabeled Chemicals, Inc) was diluted in

distilled water to 80 mM (2 mCi). A 2 mL drop was applied to the tip of leaves that were 4 to 5 mm in length on three-week-old wild-type

and gsl8mutant plants between 9 and 10 AM. After 1 or 4 hours in the growth chamber, the leaves were cut off at the base of petiole,

held with petiole pointed upward and rinsed eight times with 1 mL 96% ethanol. The leaves were then cut into three parts: the upper

half of the blade, the basal half of the blade and the petiole. Each part was put in a separate scintillation vial and 100 mL perchloric acid

and 50 mL 30% hydrogen peroxide were added. After incubation in a water bath at 70�C for 30 min, 3.5 mL Scintillation fluid (China

Isotope & Radiation Corporation) were added to the tube. After incubation overnight in the dark, samples were shaken vigorously.

Radioactivity was determined using a liquid scintillation counter (Hitachi LSC-8000, Aloka, Japan). Six wild-type and six mutant

plants were tested in this way for each of the two incubation times.

Leaf angle measurements
To induce the hyponasty response, a 1 mL drop of IAA (80 mM, Solarbio) was applied to the tip of a 4 to 5mm long leaf. The IAAworking

solution was prepared fresh every time by dissolving 8 mg IAA in 1 mL DMSO followed by dilution in distilled water to 80 mM. Plants

were kept in the growth cabinet where they were also imaged at certain intervals. Silhouette images were taken using a Sony A7 cam-

era with 50mmmacro lens. Leaf elevation angle was delineated by the vector taking the position of the basal end of the petiole organ

as origin and the position of the tip of the blade organ as extremity. The leaf angle response was repeated four times with at least 10

seedlings of, each, wild-type and gsl8 for each repetition.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis related to calculating plasmodesmata permeability was performed using Microsoft Excel software. The

computational procedure for the auxin transport model was performed using COMSOL software. All experiments to quantify PD-

mediated cell wall permeability had at least three biological replicates, with at least two seedlings per replication of which two leaves

could be used. Between two and six cell-cell interfaces were analyzed per leaf. Welch’s t test was performed at a significance level of

p < 0.05.

DATA AND CODE AVAILABILITY

The published article includes all datasets generated or analyzed during this study. All the data in this study are available upon

request.
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