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ABSTRACT 

Plasmodesmata (PD) are plasma membrane-lined pores in plant cell walls that 

allow trafficking of small molecules and macromolecules, including metabolites, 

signaling molecules, and some hormones, from one plant cell to another. Interestingly, 

the plant hormone salicylic acid (SA) does not traffic via PD, but instead moves through 

the apoplast, but it can function to influence PD trafficking. Indeed, SA is a critical 

hormonal signal that regulates this cell-to-cell permeability in response to pathogen 

infection. Previous studies have shown SA to regulate plasmodesmata through 

regulation of callose, which can occlude PD and limit transport. This study focuses on 

investigating the cellular mechanisms of how SA could directly or indirectly regulate 

intercellular trafficking by adjusting PD permeability. Here, we present approaches to 

investigate how SA is connected to PD transport in epidermal leaf tissues of N. 

benthamiana. We seek to understand how SA regulates PD through callose 

accumulation or decumulation at PD in a time and concentration dependent manner. 

We addressed what callose dynamics are associated with SA-mediated changes to 

intercellular trafficking by investigating the correlation between callose deposition and 

PD movement using callose staining with aniline blue and an intercellular GFP transport 

assay. We also measured PD distribution in SA-treated tissue using a fluorescent PD 

marker. SA regulates intercellular trafficking via PD by adjusting callose at PD. Short 

treatment (1hr SA treatment) with SA show reduces cell-to-cell movement. Long 

treatment with SA reduces intercellular trafficking and, unexpectedly, we observed an 

increase in cell-to-cell trafficking at 4 hours of SA treatment. Method 1, which required 
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fixed tissues was used to accurately quantify callose dynamics that are associated with 

SA-mediated changes to intercellular trafficking. We observed strong correlations 

between PD relative permeability and callose deposition. We also found that SA does 

not regulate PD formation at the times tested. The results that SA exerts complex 

regulatory control over PD-mediated intercellular trafficking through callose dynamics.  
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CHAPTER 1 

 INTRODUCTION TO INTERCELLULAR COUMMICATION AND 

HORMONES 

https://doi.org/10.1002/ajb2.1733 
 

Sankoh, Amie F., and Tessa M. Burch-Smith. "Approaches for investigating plasmodesmata 
and effective communication." Current opinion in plant biology 64 (2021): 102143. 

 

I. OVERVIEW OF PLASMODESMATA  
 

Plants require trafficking of metabolites and signaling molecules between cells 

and systemically to coordinate plant development and mount coordinated responses to 

abiotic and biotic stresses. With a few exceptions, almost all the plant cells are 

connected to their neighbors by plasmodesmata (PD), and the plant can therefore be 

thought to have a symplast. PD are structurally complex nanopores that provide 

continuity of the plasma membranes and cytosols of connected cells. In many cases, 

the endoplasmic reticulum is also continuous between cells as a specialized structure, 

the desmotubule, which resides in the center of the pore. The major conduit for cell-to-

cell trafficking is likely the cytoplasmic sleeve, the space between the desmotubule and 

the plasma membrane1  (Figure 1). A major function of PD is the delivery of fixed carbon 

from photosynthesis to the phloem for further distribution to importing tissues in the 

plant. In addition to sugars, PD also traffic water, ions, small solutes, and 

macromolecules including proteins and RNAs. Recent work has further highlighted PD 

in systemic signaling, particularly the distribution of reactive oxygen species in response 

to local high-  

https://doi.org/10.1002/ajb2.1733
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Figure 1: Details of plasmodesmatal structure:  

Diagram of Plasmodesma (PD) highlighting cell wall (CW), cytoplasmic sleeve (CS), 

central rod (CR), plasma membrane (PM), and spoke-like tethers (SP). PD consists of 

membranes and spaces directly connecting the cytoplasm of neighboring plant cells 

allowing molecule trafficking, which is essential for cellular communication. PD are lined 

with the plasma membrane containing a narrow tube structure called the desmotubule 

(D) which is derived from the smooth endoplasmic reticulum (ER) of the connected 

cells.  The diameter indicated for the desmotubule (D) (a) is between 10 and 15 nm. 

The diameter of the neck region (b) is between 30 and 50 nm. 

a b 
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light stress and demonstrated the role of PD-localized proteins in regulating this 

process2. Viruses have evolved to take advantage of PD for their spread throughout the 

plant3. Understanding how PD regulates the movement of signaling molecules is crucial 

to unraveling plant responses to stress and the environment.  

PD are diverse and can be roughly grouped into three different morphological 

forms: simple, twinned, and branched, also referred to as complex4. Transmission 

electron microscopy (TEM) studies of PD in Nicotiana sp and other plants have shown 

that PD are usually 30-50 nm in diameter. Simple PD consists of a single pore, and they 

likely form during cytokinesis following mitosis when strands of ER become trapped in 

the new cell wall that forms between daughter cells, thereby representing primary PD4,5. 

Secondary PD are added to cell walls independent of mitosis and cytokinesis and they 

often form near existing PD giving rise to more complex structures referred to as 

twinned6 and branched PD7. Simple PD can be modified into complex PD as during the 

sink to source transition in leaves8  or during the maturation of phloem cells9. Other 

classes of PD have recently been described, suggesting that PD are even more 

structurally diverse. Type I (apparently lacking a cytoplasmic sleeve) and Type II 

(having a cytoplasmic sleeve) PD were identified in Arabidopsis roots by TEM 

tomography10. There are also funnel-shaped PD that function in phloem loading11 .  

A current challenge in plasmodesmal cell biology is correlating PD structure with 

function. For example, complex PD have been reported to traffic less than simple PD8 , 

but mutants with increased trafficking have more complex PD than do their wild-type 

counterparts12. In order to decipher PD structure-function relationships, attempts have 
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been made to measure PD permeability (trafficking capacity) and structure while 

causing minimal perturbations to tissues under examination.  

II. PLASMODESMATA AND PLANT DEVELOPMENT: HORMONES 
 
“…[The] plant has means to control the symplastic continuity of its parts and to regulate 

the degree of isolation of its constituent cells. This form of regulation is a counterpart to 

that which results from the release and action of hormones. One is led to speculate 

whether hormones themselves might act in part by opening or closing symplastic 

pathways.” (Carr, 1976, p. 287) 

    
Plant development depends on local positional cues and on mobile non‐cell‐

autonomous signals that can act at short or long distances. Plant hormones are growth 

factors that mediate local cell events as well as coordinate long‐distance processes that 

affect the entire plant13. While hormones often act beyond the confines of single cells, 

the mechanisms by which this is accomplished are longstanding unknowns, as 

exemplified by the quote above (Carr, 1976). The cytoplasmic connections between 

cells formed by PD essentially render groups of cells as symplasts whose boundaries 

depend on the permeability of PD at any given cell interface. Symplastic fields change 

with developmental progression, and links to hormone action can be easily identified4, 

although data examining causation is not readily available in the literature. Thus, how 

hormones influence PD remains poorly understood, but there has recently been 

increasing attention to the role of PD in mediating hormonal flux and signaling (Figure 

2).  
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PD directly connect neighboring cells allowing the intercellular trafficking of small 

molecules like metabolites and hormones as well as macromolecules like small RNAs 

and protein transcription factors that act as signaling molecules during development and 

defense, making PD crucial for communication between plant cells. The desmotubule at 

the center of the PD consists of compressed endoplasmic reticulum (ER) and thus 

allows ER continuity between cells. The major conduit for cell‐to‐cell trafficking is likely 

the cytoplasmic sleeve, the fluid‐filled space between the desmotubule and the 

delimiting plasma membranes of the connected cells (Figure 1).  PD trafficking is 

often regulated by the controlled accumulation of callose, a β−1,3‐glucan, in the cell wall 

surrounding a plasmodesma14,15 (Figure 2). Callose deposition reduces intercellular 

trafficking, while the converse occurs when callose is removed. A hallmark of plant 

development is the restriction of PD‐mediated intercellular flux into groups of cells 

undergoing a specific developmental program distinct from their neighbors', a state 

termed symplastic isolation. Symplastic isolation is often marked by callose 

accumulation at PD of cells at the boundary of this group of cells, but it can also involve 

structural modification of PD. The importance of PD regulation in development is 

exemplified by studies of callose deposition during lateral root formation, where 

induction of callose deposition restricted the cell‐to‐cell trafficking of the SHORT‐ROOT 

transcription factor and microRNA165 and disrupted protoxylem formation in developing 

roots16. While the callose‐mediated isolation can be reversed after the developmental 

transition, structural modifications to PD are usually permanent4. Although symplastic  
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Figure 2: The effect of hormones on plasmodesmata‐mediated trafficking. 

Schematic of two plant cells connected to each other by PD and the movement of 

metabolites and signaling molecules between the two cells. The hormones ABA, SA, 

and auxin can restrict intercellular trafficking through the deposition of callose in the cell 

wall at the PD. ABA may also decrease pore size through an alternative mechanism. 

The hormones cytokinin and GA cause the removal of callose at PD and increase 

intercellular trafficking. Cytokinins can also increase the formation of secondary PD. 

Created with BioRender.com 
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isolation has been assumed to be important for controlling hormonal and signaling 

fluxes, experimental evidence for this remains sparse. Further, it remains unclear how 

much influence PD and intercellular flux have on establishing hormonal gradients during 

development. 

Perhaps the best‐known plant hormone is auxin. Its primary effects are 

promoting cell division and expansion, and auxin signaling has been intensely 

investigated and described17. The local flux of auxin depends on membrane‐localized 

transporters, the AUX1/LAX transporters for influx, the general plasma‐membrane‐

localized ABCB efflux transporters, and the polar PIN‐FORMED (PIN) efflux carriers 

that also mediate auxin recycling within cells and between compartments18. These 

transporters are essential for setting up the auxin gradients through which auxin exerts 

its effects, as well as regulating auxin homeostasis by subcellular auxin 

compartmentalization. One puzzle, however, was whether auxin, a small hydrophilic 

molecule, moved between cells via PD to exert its effects. Indeed, although the genome 

of the moss Physcomitrium (Physcomitrella) patens encodes homologs of auxin 

transporters, auxin moves via PD during lateral branching in the moss gametophore19 . 

Exciting recent studies in Arabidopsis thaliana confirmed that not only can auxin move 

via PD in other plants, but that this movement is necessary to complement transporter‐

mediated auxin flux17 and is also required to establish tissue‐level auxin gradients in the 

shoot20. Indeed, auxin effects on PD include establishing local gradients important for 

root stem‐cell identity21, lateral root initiation22, and shoot tropic responses18. Further, 

auxin‐mediated callose accumulation at PD is implicated in tropism and lateral root 
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formation18,22 . It will be interesting to see how auxin flux is balanced between the 

genetically encoded transporters and PD, and we anticipate that this will be a question 

of considerable research interest in the near future.  

Studies investigating bud dormancy have been informative for understanding 

PD–hormone interplay. Bud dormancy and release from dormancy in hybrid aspen and 

other trees are marked by profound changes to PD and intercellular trafficking in the 

buds mediated by various hormones. In aspen, PD closure at the onset of dormancy is 

accomplished by callose accumulation mediated by abscisic acid (ABA), preventing 

entry of growth‐promoting factors like the protein FLOWERING LOCUS T (FT) into the 

meristem23 . Release from dormancy is accompanied by removal of callose mediated by 

gibberellic acid (GA)‐inducible β−1,3‐ glucanases in poplar24  and hybrid aspen25 . The 

gaseous hormone ethylene was also found to mediate PD opening to release dormancy 

in Narcissus tazetta26 . Gibberellic acid and ABA traffic via PD in Chara vulgaris and P. 

patens, respectively27,28. In contrast, the defense hormone salicylic acid (SA) does not 

traffic via the symplast but instead moves in the apoplast29. Despite this, SA is well 

known to regulate plasmodesmata through callose dynamics, acting through the callose 

synthase enzyme CalS130 , PLASMODESMTA LOCATED PROTEINs (PDLPs)29,31 and 

modulating lipid organization through the lipid‐raft like protein REMORIN to control 

callose accumulation at PD32 (Figure 2).  

While callose deposition and removal seem to be the primary mechanism 

through which hormones act to control PD trafficking during development, there are 

instances where other changes to PD have been observed. Exogenous ABA modified 
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PD pore size in P. patens as application of ABA reduced intercellular trafficking of a 

fluorescent probe, and although PD in ABA‐treated samples were narrower than those 

in control plants, no increase in PD callose in response to ABA could be detected28 . 

Thus, hormones may alter PD ultrastructure other than through callose metabolism, for 

example, through the cytoskeleton, although this has not been experimentally verified.  

As described earlier, there are two major classes of PD that form at different 

developmental times. The first class is primary PD that form during cytokinesis when 

strands of ER become trapped in the new cell wall being formed between daughter 

cells. The second class is the secondary PD which are added to existing cell walls by a 

mechanism that remains elusive but likely involves cell wall remodeling4 . Application of 

the cytokinin benzyladenine (BA) to the shoot apical meristems of Sinapis alba induced 

secondary PD formation, a phenomenon that had previously been observed to occur 

during the SAM floral transition33 . This observation along with mutants with increased 

secondary PD formation could yield new avenues for understanding the intriguing 

phenomenon of how cell walls are modified coincident with the insertion of plasma 

membrane and ER to form a new PD.  

Given the importance of hormones and intercellular trafficking to plant development, 

it is surprising that so much remains unknown about how PD and hormones interact to 

coordinate the production of effective signaling gradients and to allow the non‐cell‐

autonomous effects of hormones. We expect that in the future more comprehensive 

studies that examine the effects of single hormones and combinations of hormones at 

physiological concertation on PD will be undertaken. The use of mathematical models to 
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help explain the effects of PD on hormone gradients and signaling will be a boon to this 

field, as it has been for studies on auxin17,20. Efforts to understand how hormones 

interact with PD could also provide interesting insights into the cell biology of PD, for 

example, secondary PD formation and how PD ultrastructure can be altered by factors 

other than callose. In the long term, understanding and being able to predict the 

outcome of hormone–PD interactions could provide new tools for approaches that 

engineer resource allocation for maximizing the proportions of crop photosynthetic 

output that is available for human consumption34 (e.g., rice C4 project). Such processes 

depend on PD for nutrient distribution and manipulating PD may have consequences for 

hormone signaling and plant development. 

III. REGULATING PLASMODESMATA: CALLOSE 
 

PD function and callose dynamics are controlled by multiple proteins that are 

involved in response to environmental, metabolic and development signals, as well as 

stress, and pathogen infection. Thus, callose plays an important role in regulating PD 

trafficking in response to biotic and abiotic stress as well as during plant growth and 

development. Callose accumulated at PD can regulate the trafficking of molecules (PD 

permeability) by controlling the size exclusion limit (SEL) of PD. 

Callose is synthesized by the callose synthase enzymes. Genes encoding putative 

callose synthase such as CalS (Callose synthase) and GSL (Glucan synthase-like) can 

synthesize callose in response to wounding and infection by pathogen. Only eight 

members of the callose synthase family are found in N. tabacum while there are twelve 

in A. thaliana35. CalS1 and CalS8 are key enzymes involved in regulating plasmodesmal 
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permeability upon wounding stress and pathogen infections. Overexpression of CalS1 

results in higher levels of callose synthase activity and callose accumulation at PD. 

CalSs/GSLs also play important roles in pollen development and fertility36,37. Plant lipid 

rafts control callose accumulation at PD, and this is determined by sterol and 

sphingolipid homeostasis. Sterol reduction results in mislocalization of GPI-anchored 

PD proteins, PDCBs and PDBGs, that regulated callose deposition by degrading callose 

at PD. Disruption in lipid rafts impacts other targeting lipid proteins such as Remorins 

which increase callose levels at PD38.  Alternations in sphingolipids controls 

PLASMODESMATA-LOCATED PROTEIN 5 (PDLP5) resulting in callose turnover 

involving of the SA pathway38,39. PDLPs are membrane receptor-like proteins that adjust 

PD closure and, in some instances, promote cell-to-cell movement of plant viruses. PD 

closure is observed in overexpression PDLP5 plants whereas loss of function pdlp5 

mutants showed increased PD permeability31. As a defense response against powdery 

mildew infection, modifications of sphingolipids permit the activation of SA, likely 

through PDLP5, causing PD closure by callose accumulation at PD29.  

Callose removal from PD allows larger molecules than typical to translocate from 

one cell to another. Callose is removed from the PD in a regulated manner by 

degradation via β-1,3-glucanases such as BG_ppap, PDBG1, and PDBG240,41. To 

enhance virus spread, viral genomes encode movement proteins (MPs) that lead to the 

degradation of callose at the PD neck and increase intracellular trafficking42,43. PDCB1 

and BG_ppap play important roles in regulating PD callose deposition at SAMs during 

dormancy. BG_ppap, a glycosylphosphatidylinositol (GPI) lipid-anchored protein that 
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localizes to the cell membrane, is substantially enriched at PD sites and enables callose 

degradation atPD24.  

Callose at PD: the role of Salicylic Acid  
 

In the 4th century BC Hippocrates used willow leaves containing salicylate as a pain 

reliever for women during childbirth44. Today salicylates such as aspirin, an 

acetylsalicylic acid, are common pain relievers. Arylesterases are enzymes found in 

plant tissues that rapidly convert aspirin to salicylic acid (SA)44. Besides its uses in 

human healthcare, SA is an important phytohormone that is involved in regulating 

multiple biochemical and physiological processes in plants especially plant growth, 

defense response against pathogens, and environmental stress. Plant phenolics, such 

as SA, have been commonly classified as secondary metabolites. High levels of SA 

have been found in rice, barley, crabgrass, and soybean44,45. In A. thaliana, barley, and 

maize, SA is a negative regulator of seed germination under SA-induced oxidative 

stress46,47. However, under abiotic stress, exogenous SA improved A. thaliana seed 

gemination. Plants infected with pathogens have been recorded to have the highest 

levels of SA. In the model plant Nicotiana tabacum, the basal levels of SA are less than 

100ng/g fresh weight, compared to induced levels of up to 1 µg/g fresh weight in 

cucumber stems infected  with the Colletotrichum lagenarium, anthracnose pathogen48.  
SA plays an important role in plant defense activation in response to pathogen 

infection. SA has been shown to be derived from two pathways, isochorismate synthase 

(ICS) and phenylalanine ammonia-lyase (PAL) in the chloroplast49,50. SA methyl 

transferase (SAMT) catalyzes conversion of SA to methyl salicylate (MeSA) which 



13 
 

diffuses into the cytoplasm and is converted back to SA by the esterase activity of 

salicylic acid binding protein 2, SABP251,52. Many of SA’s effects on gene expression 

are through the activity of the protein NONEXPRESSOR OF PR GENES1 (NPR1).  

NPR1  is an SA receptor that localizes to the cytoplasm in the absence of SA.  On SA 

binding, the oligomeric NPR1 dissociates into its monomers which can then migrate to 

the nucleus to activate transcription of SA responsive defense genes including 

pathogenesis-related genes51,53,54. NPR1 is phosphorylated and then sumoylated upon 

its interaction with WRKY and then TGA transcription factors. Interestingly, proteosome-

mediated degradation of modified-NPR1 triggers expression of SA responsive genes,  

leading to only transient activation of defense gene expression54. 

PLASMODESMATAD-LOCATED PROTEINS (PDLPs) comprise a small family of 

eight proteins first identified in A. thaliana that localize to PD through the secretory 

pathway and regulate transport and signaling in plants29,31. PDLPs have large 

extracellular domains but very little cytoplasmic structure. Overexpression of some 

PDLPs promoted the cell-to-cell movement of viruses that use tubule-guided movement 

(e.g., movement protein (MP) encoded by Tobacco mosaic virus) while overexpression 

of others led to increased callose accumulation at PD and changes in plant 

susceptibility to pathogens. Super-resolution imaging revealed that fluorescently tagged 

PDLP proteins localize to the plasma membrane within plasmodesmatal channels, and 

studies of these proteins have shown various effects on the regulation of cellular 

movement of macromolecules and viruses in Arabidopsis. Overexpression 

of PDLP1 shows a decrease in cytosolic GFP trafficking between cells, whereas an 
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increase of GFP movement between cells was observed in double mutants of PDLP 

proteins (pdlp2/3 and pdlp1/3). Overexpression of PDLP5 led to an increase in PD 

trafficking which promotes virus spread, while mutation of pdlp5 inhibited viral spread. 

The PDLP family are activated in response to treatments with SA associated with 

pathogen invasion55.  

PD-facilitated cell-to-cell communication is coordinated with SA signaling pathway 

through PDLP5. In innate immunity against bacterial pathogens, SA controls PDLP5 to 

regulate callose by inhibiting PD trafficking55. During systemic acquired resistance 

(SAR), a secondary defense response against early exposure of pathogen,  signaling 

molecules such as azelaic acid (AzA) and glycerol-3-phosphate (G3P) move between 

cells via the symplast pathway29,56. In contrast, SA is transported via the apoplast but 

uses PDLP1 and PDLP5 for SAR29. In Arabidopsis, exogenous application of SA 

induces callose depositions and closure at PD55. In the absence of PDLPs, exogenous 

SA was not sufficient to induce PD callose responses. Taken together, these findings 

indicate that PDLP5 and the SA pathway are important for the regulation of PD 

permeability during a pathogen resistance response. More work is needed to 

understand the mechanism involved in regulating beneficial interactions, preventing 

pathogenic invasions, and understanding the virus interaction with SA in a time-

dependent manner. Despite considerable efforts PD are poorly understood structures 

and little is known about how callose is regulated at PD. For example, plant viruses 

encode movement proteins that modulate cell-to-cell trafficking, possibly through 

induction of activity of endogenous glucanases to degrade callose, and therefore 
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increase viral symplastic spread. Further, the importance of callose in regulating 

molecular diffusion via apoplastic transport at sites away from PD remains unknown. 

IV. TECHNIQUES FOR EXAMING PD 

PD play a crucial role in communication which is essential for plant survival, growth, 

development, and defense. This section addresses the common approaches that have 

been used to study PD structure and function. 

Measuring callose 

The level of callose in a tissue can be used to determine the status of PD in that tissue, 

with high callose levels correlating with low permeability. Staining with the pigment 

aniline blue is the most commonly used method for measuring callose levels57, (Figure. 

3). It is relatively easy to fix tissues and then apply aniline blue, although care must be 

taken during tissue isolation to avoid inducing damage and subsequent callose 

deposition at those sites57. Another advantage of aniline blue is that it can be used to 

examine a relatively large amount of tissue. Measuring callose by immuno-EM using 

anti-callose antibodies gives greatly improved resolution over aniline blue staining, 

allowing the visualization of callose at certain positions along pd and the distance from 

pd to be ascertained18,58 . Despite these advantages, this approach is not very 

commonly used, perhaps because of the time, cost of reagents or perceived difficulty 

and expertise needed for TEM. Despite its widespread use as a proxy for PD 

permeability, the correlation of callose with PD trafficking is not straightforward, and 

recent data suggest it is more complicated than previously assumed59.  
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In addition, although it is easy to observe callose accumulation, it is harder to 

measure reductions in callose levels that may be associated with increased 

permeability. Data on callose levels should be interpreted with caution, and conclusions 

about PD trafficking should be limited to actual measurements of trafficking. This 

dissertation will majorly focus on understanding the effect of SA on callose dynamics at 

PD.  

Measuring PD trafficking 

Fluorescent dyes were the earliest probes deployed for measuring PD 

permeability. Small dyes like 5(6)-carboxyfluorescein diacetate (CFDA) can be 

microinjected into the cytoplasm of cells and the diffusion of the dye beyond the 

injection site is monitored by fluorescence microscopy (Figure 3). CFDA is a good 

indicator of symplastic transport because it is membrane impermeant and only on 

entering the cytoplasm is it cleaved by esterases to liberate the fluorescent CF 

molecule. The challenge with microinjection is the skill required for delivery into the 

cytoplasm while avoiding the vacuole which is the bulk of the cell volume in a fully 

expanded plant cell. CFDA can also be used to measure systemic trafficking via the 

phloem60 and it has been widely used for this purpose. More recently, dyes closely  
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Figure 3: Experimental approaches used to study PD and intercellular trafficking. 

(a) Fluorescent dyes and proteins can be introduced into leaf cells by microinjection. (b) 

Fluorescently labeled proteins can be transiently expressed in leaf cells by 

agroinoculation. (c) Fluorescent probes are subsequently imaged by microscopy, and a 

pattern of cells containing the probes is usually observed when PD permeability allows 

probe trafficking, with larger areas representing more PD permeability and trafficking. 

Images show layers of cells into which GFP has moved, with no movement and 

movement to 3 layers being depicted. Arrows point to nuclei of neighboring cells into 

which GFP has trafficked. (d) Aniline blue can stain callose at PD (blue dots). I 

Representation of the distribution of aniline blue around PD, with aniline blue 

accumulating along the entire length of a pore. (f) PD distribution as revealed by MP30-

GFP accumulating in PD at the cell periphery in a confocal micrograph. (g) Thin-section 

TEM is used to observe complex and simple PD in a cell wall. (h) FIB–SEM combines 

ion beam milling with an electron beam in one setup. (i) For SBF–SEM, a microtome is 

mounted inside the microscope to produce serial images of the newly cut surface. (j) 

TEM tomography Involves the capture of images as a sample is rotated through a tilt 

series. This was created with BioRender.com. 
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related to endogenous plant molecules have been adopted for measuring phloem 

transport61,62. In the future these may supplant CFDA as a symplastic tracer. A modern 

application for CFDA is the Drop-And-See (DANS) assay developed the Lee group63,64 . 

Here, a small, measured amount of CFDA is applied to the adaxial leaf surface and the 

radius of resulting fluorescence, presumably measuring intercellular trafficking, is 

measured on the abaxial surface. DANS has been used to characterize mutants65  and 

measure PD trafficking capacity2,29. Other fluorescent molecules that have been used to 

assess PD permeability include caged fluorescein66 , 8-hydroxypyrene 1,3,6 trisulfonic 

acid (HPTS)67–69 ,  

Lucifer Yellow CH (LYCH)5,70 and fluorescent dextrans of various molecular weights. 

Fluorescent proteins have also been widely adopted as probes for measuring PD 

trafficking. Introduction of GFP-expressing constructs into plant leaves via 

Agrobacterium has been popular71 , although bombardment with plasmids for GFP 

expression is also possible72 . The soluble cytoplasmic protein (GFP) moves between 

cells via PD by simple diffusion72  and GFP movement is used to investigate PD 

trafficking in response to abiotic and biotic factors, and changes in gene expression73–75 

. GFP can also be stably expressed from tissue-specific promoters. The AtSUC2 

promoter is often used for expression of GFP in the phloem76 ( references therein), 

which permits GFP to traffic extensively though PD during unloading in the phloem. 

Tandem copies of GFP (2XGFP or 3XGFP) may also be used as probes, although they 

do not traffic as extensively as GFP itself68. DRONPA and photoactivatable GFP (PA- 

GFP) are GFP-derived proteins that can yield measurements of high spatial and 
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temporal resolution77. DRONPA can be switched on and off with different wavelengths 

of light, allowing its movement to be observed in real time. The analysis of data used to 

assess PD permeability often varies widely between researchers and would benefit from 

more uniform standards for collection and statistical approaches, as recently 

proposed78. 

Determining PD structure and measuring distribution of PD 
 

Viral movement proteins (MPs) tagged with fluorescent proteins have emerged 

as excellent probes for PD3. Tobacco mosaic virus (TMV) movement protein MP30, 

although preferring complex PD in some tissues59,79, can label all types of PD4 and it 

has been widely adopted as a PD marker (Figure. 3). MP17 from potato leafroll virus 

specifically labels complex PD4,80  and it can therefore be used as a maker for these 

types of PD. These proteins can be stably expressed in transgenic plants and used in 

this way to observe PD; however, they often have effects on plant development and 

metabolism thereby complicating studies80–82 . It is perhaps more prudent to adopt 

transient expression by bombardment or Agrobacterium to express these markers, 

e.g.74. In addition to viral MPs, the plant proteins PDLP1 and PD CALLOSE BINDING 

PROTEIN1 (PDCB1) can also be fluorescently labeled for use as PD markers. An 

exemplary use of these PD markers to study PD cell biology is the development of a 

high-throughput imaging platform and accompanying algorithm, PDQUANT, for 

identifying cells and counting PD7 . This approach was used to document several 

features related to the development of complex PD that would otherwise have been 

recalcitrant to discovery. Unfortunately, such approaches have not seen widespread 
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adoption, and there remains a need for (semi-)automated imaging and analysis 

approaches for rapid, reliable and unbiased data collection and analysis. 

TEM has a long history as the go-to method for studying PD structure and 

morphology and measuring PD distribution. Despite its popularity, in thin-section TEM, 

only a single slice of around 60-70 nm thickness of a 3D structure is visible. This 

produces a snapshot of PD and usually only a few (or portions thereof) PD in a wall are 

captured (Figure 3). The details of PD morphology are therefore often obscured and 

only time and labor-intensive scoring of many sections and PD can give a somewhat 

reliable estimate of PD form and distribution in a tissue e.g.12 . Nonetheless, thin 

sections can be used in interesting ways, e.g., when combined with freeze fracture and 

fluorescence in a new technique dubbed 3-D immunolocalization confocal microscopy83 

. This technique has been used to measure PD density of PD at the mesophyll-bundle 

sheath interface in C4 grasses grown under different light regimes and made evident 

that PD size and distribution are dynamic in response to growth conditions84 . Detailed 

analysis of the ultrastructure of the PD nanopores requires use of three-dimensional 

(3D) approaches, typically TEM tomography (Figure 3). The resulting 3D models allows 

higher magnification and better resolution of structural components, particularly in the z 

axis85. Ideally, samples are prepared for imaging by high pressure freezing and 

subsequent freeze substitution86, the gold standard for preparing plant samples for 

electron microscopy87. Recently, TEM tomography has been used to reveal new forms 

and structural variants of PD. Type I and Type II PD were discovered by TEM 

tomography10, and this technique was also used to identify PD defects in the phloem 
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unloading modulator (plm) mutant88. TEM tomography has also been used to examine 

the interaction of viruses with PD during infection89. Given the power of this technique, 

TEM tomography should be the gold standard for determining PD (ultra)structure. 

Scanning EM (SEM) is typically used to generate images of sample surfaces and 

does not reveal internal structures; however, combining serial SEM images can be used 

to produce 3D projections of an object, allowing 3D analysis of larger sample volumes 

and thicker specimens than TEM tomography. Two approaches for serial SEM-based 

imaging are serial block face-SEM (SBF-SEM) and focused ion beam-SEM (FIB-SEM), 

and both have been adopted to analyze PD structure and distribution. Importantly, the 

same samples that are prepared for thin-section TEM and TEM tomography can be 

used for 3D SEM [54]. SBF-SEM was used to reveal defective sieve pore formation in 

the root phloem of the choline transporter1 (cher1/clt1) mutant90 and to discover funnel 

PD in the phloem-pole pericycle in the Arabidopsis roots11. A pipeline for adopting SBF-

SEM for imaging PD distribution and structure has recently become available91, and we 

expect that this will lead to wider adoption of the 3D imaging technique for PD analyses. 

FIB-SEM analysis of Nicotiana benthamiana leaves generated a 3D projection of 

approximately 10 μm of cell wall and the subtending chloroplasts1. The presence of pit 

fields of PD was revealed in this 3D projection, and even with images collected every 20 

nm, there was sufficient detail to determine whether individual PD were simple or 

complex92. Any plant tissues can be imaged by FIB-SEM, as demonstrated by 

examination of PD in the nitrogen-fixing nodules on the roots of a legume (Figure 4). 
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Figure 4: Focused ion beam–scanning electron microscopy (FIB–SEM) reveals 
nodule ultrastructure and PD. 

(a) An SEM image of a region of a nitrogen-fixing nodule formed on Medicago 

truncatula roots by Sinorhizobium meliloti showing an infected cell and a companion 

uninfected cell. The image is a single slice of a series of 104 images. (b) Reconstruction 

of a FIB–SEM tomogram of a Medicago truncatula nodule. A total of 104 serial SEM 

images were combined to generate the 3D model. (c) Many PD span the cell wall 

shared by the infected and uninfected cell. (d) 3D reconstruction also allows PD 

structure to be determined; a branched plasmodesma is marked with a white asterisk. 

Vacuole (V, blue); cell wall (CW, green); mitochondria (M, red); bacterioid (B, dark blue); 

symbiosome membrane (SM, orange); scale bar = 500 nm. 
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In summary, there exists a comprehensive suite of resources that can be used to 

decipher how PD form and function. There are several mutants with defective PD in 

which these techniques could be applied to examine PD cell biology93. Future 

improvements in these techniques, especially increased temporal and spatial resolution  

and ease of sample preparation in high-end imaging, will no doubt enhance this 

research area further.  

TEM tomography 

TEM tomography reconstructs the internal three-dimensional structure of an object by 

taking serial-tilting projection images by TEM and back projection of these images86. 

Typically, 100-150 nm-thick sections of resin-embedded fixed samples are examined at 

100-120 kV. Images are collected from -70° through +70° of tilt (commonly -65° to +65°) 

and an image is collected at every degree of tilt or as desired with a CCD camera. For 

maximal resolution, the sample is rotated 90° and a second tilt series of images is 

collected to produce a dual axis tomogram. Images are computationally recombined 

using software like IMOD94 to produce 3D models. One limitation to TEM tomography 

for studying large cellular volumes is sample thickness, which is restricted to around 

150-200 nm on standard TEMs operating at voltages below 300kV. 

FIB-SEM 

Focused Ion Beam milling combined with SEM (FIB-SEM) uses a beam of ions (usually 

gallium) to slice away successive layers of a sample, with the SEM collecting an 

orthogonal image of each layer uncovered. Samples can be milled in steps as small as 
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5 nm and the resulting images can be used to generate three-dimensional images of 

biological cells and tissues with excellent z-axis resolution95. Although FIB-SEM 

produces similar images to TEM, FIB-SEM allows serial reconstructions of larger 

volumes of tissues to be generated quickly and automatically. One major advantage of 

FIB-SEM is that the thickness of a sample that can be analyzed is only limited by the 

time one is willing to spend collecting images. 

 SBF-SEM 

 Serial block face-scanning electron microscopy (SBF-SEM) uses a diamond knife 

mounted in the machine to repeatedly cut the sample section by section, generating 

serial sections that are then imaged by scanning electron microscope. The images are 

then computationally recombined to enable high resolution 3D imaging of biological 

samples which have been fixed, stained, and embedded in resin. It is also amenable to 

other materials that can be sectioned using an ultramicrotome. SBF-SEM can provide 

nanometer level ultrastructural data over relatively large fields of view and up to several 

microns in x, y and z axes. 
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V. AIMS OF THE DISSERTATION 

The central hypothesis of this proposal is that SA regulates PD in a concentration-

dependent manner and with complex temporal dynamics by adjusting callose at 

PD and changing PD structure through modification of cellular processes 

involved in secondary PD formation. 

The research presented in this thesis addresses three main questions centered on the 

role of salicylic acid in regulating plasmodesmata. 

1. Can the detection of plasmodesmal callose be optimized to remove 

experimental variability and provide a reliable means to examine the SA-

callose relationship?  

2. Are there fine-scale dynamics in the production of callose induced by SA? 

3. Does SA regulate PD only through callose or are other mechanisms 

involved? 

These questions were addressed using pharmacological and cell biological approaches 

in Figure 3. Three methods were evaluated to determine the most effective technique 

for measuring callose at PD using aniline blue staining (Chapter 2). The effects of SA 

concentrations, treatment times, PD structure, distribution, and context dependence on 

intercellular trafficking were determined (Chapter 3).  A summary and future directions 

based on findings are presented (Chapter 4). Materials and methods used are 

documented (Chapter 5). 
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CHAPTER 2 

 METHOD OPTIMIZATION; DETECTION AND QUANTIFICATION OF 

PLASMODESMAL CALLOSE IN NICOTIANA BENTHAMIANA LEAVES 

USING ANILINE BLUE 
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Abstract 

Callose, a beta-(1,3)-D-glucan polymer, is essential for regulating intercellular 

trafficking via plasmodesmata (PD). Pathogens manipulate PD-localized proteins to 

enable intercellular trafficking by removing callose at PD or increasing callose 

accumulation at PD to limit intercellular trafficking during infection. Plant hosts also use 

callose to regulate intercellular trafficking during defense against pathogens. Hormones 

like salicylic acid regulate PD-localized proteins to control PD and intercellular trafficking 

during innate immune responses. Measuring callose deposition in plants has emerged 

as a popular parameter for approximating intercellular trafficking and the activity of plant 

immunity. Despite the popularity of this metric there is no standard for how these 

measurements should be made.  In this study three commonly used methods for 

identifying and quantifying PD callose using aniline blue staining were evaluated to 

determine the most effective in the Nicotiana benthamiana leaf model. The results 

reveal that the best method used aniline blue staining and fluorescent microscopy to 

measure callose deposition in fixed tissue. 

Introduction 

In plants, cell-to-cell communication is largely mediated by numerous small pores 

in the cell wall called plasmodesmata (PD) that directly connect the cytoplasms of 

neighboring cells 96. PD are essential for intercellular communication, plant 

development, and growth. In many instances PD trafficking is regulated by the 

controlled accumulation of the β-1,3-glucan, callose, in the cell wall surrounding 
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plasmodesmal pores 97,98. Callose deposition restricts intercellular trafficking, whereas 

callose degradation increases intracellular trafficking. The restriction of PD trafficking 

occurs during defense against pathogens through the physical closure of the PD pore 

by the accumulation of callose 98,99.  

Plant hormones regulate callose levels to influence intercellular trafficking. 

Exogenous application of salicylic acid (SA) to plants can activate immune responses, 

concomitant with inducing the accumulation of callose at PD thereby regulating PD-

mediated intercellular trafficking. SA regulates PLASMODESMATA LOCATED 

PROTEIN (PDLP)5 to induce callose accumulation and close PD during innate immune 

responses 31,100. Local pathogen infection induced the systemic acquire resistance 

(SAR) which is linked with the enhanced levels of callose upon secondary pathogen 

inoculation 101. Previous studies show an increase in resistance to the necrotrophic 

fungal pathogen Botrytis cinerea in tomato occurred by callose induction by a 

mycorrhizal fungus, Rhizophaus irregularis 102,103. PD callose has also been used as a 

proxy for measuring the number of PD in a cell or tissue. In presence of abscisic acid, 

PD pore size modified in the moss P. patens with PD in ABA-treated samples showing 

narrower compared to the control plants; no change in PD callose in response to ABA in 

ABA-treated sample 28. 

Aniline blue is an organic compound with five aromatic rings, an amine and three 

sulfonate groups, and has been widely used as an effective stain for callose in plant 

tissues including at PD. Aniline blue (C32H25N3Na2O9S3) binds to the cell wall has a 

molecular formula weight of 737.73g/mole. Over the last few years, it has become fairly 
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common to measure PD callose levels in response to pathogen infection as a gauge of 

the plant’s response to infection. Callose staining with aniline blue has been tested to 

efficiently detect and quantify callose at PD, making it a reliable tool to investigate the 

changes in callose levels using fluorescent microscopy. Because individual PD cannot 

be resolved by light microscopy, we measured the clusters of callose at PD in pitfields, 

which are concentrated areas of PD between 0.05 µm2 and 4µm2 in size. We noticed 

that protocols for measuring PD callose varied between labs. We therefore set out to 

determine which protocol was most reliable when used with leaves from Nicotiana 

benthamiana, a widely used model for plant-pathogen interactions 104. For this, three 

protocols were tested to identify the most reliable protocol for callose staining with 

aniline blue in N. benthamiana leaves. We found that fixing the tissue before staining 

with aniline blue (method 1) is the most dependable protocol to effectively detect and 

quantify callose at PD in N. benthamiana.  

Materials and Methods 

Plant material and callose induction 

The LAB strain of Nicotiana benthamiana was used in this study. Seedlings were 

germinated on soil for 7-10 days before transplanting to individual pots. N. benthamiana 

plants were grow on light carts under long day condition with 16 hours light (120 µmol 

m-2 s-1) and 8 hours dark at 25 °C. Miracle Gro All-purpose Plant Food fertilizer was 

applied after 10-13 days post germination (3 days after transplanting).  The leaves of 4-

5 weeks old plants were used for callose quantification and salicylic acid treatment 
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experiments. N. benthamiana leaves were infiltrated with 0.05 mM salicylic acid (Sigma-

Aldrich) prepared from a 100mM stock solution in DMSO and diluted with distilled water. 

The SA treatment induces callose accumulation at PD and serves as a positive control 

to optimize aniline staining method for the quantification of callose depositions in N. 

benthamiana plant. 

Plasmodesmata callose staining and quantification. 

Three methods were evaluated for identifying callose structures.  All methods used 1% 

aniline blue (Ward’s Science plus, Rochester NY LOT AD-22103) in 0.01 M K3PO4, pH 

12 buffer. Method 1 was adapted from (Zavaliev and Epel, 2015) to image callose 

utilizing aniline blue on fixed tissues57. Method 2 was adapted from John Innes 

Center105 (Aniline blue staining of quantification of plasmodesmal callose (jic.ac.uk)), 

and Method 3 was adapted from the Lee Lab University of Delaware35.  For all three 

methods the 4th and 5th leaves of N. benthamiana were directly infiltrated with a 1mL 

syringe containing 1% aniline blue.  

Method 1: Staining and sample preparation.  

An entire cut leaf was submerged in 95-96% ethanol in a 500-mL polypropylene jar to 

bleach the tissue. The petiole was held with forceps to avoid mechanical damage to the 

leaf. The jar was sealed, and samples were incubated at room temperature on a shaker 

at 30-40 rpm for at least 5 hours. The ethanol solution was changed to speed up the 

bleaching after 2 hours incubation. Incubation was continued until the leaves were 

completely or nearly completely bleached, but less than 6 hours, since plasmolysis 

occurs at this point, and the resulting separation of the plasma membrane and cell wall 

https://www.jic.ac.uk/research-impact/aniline-blue-staining-of-qunatification-of-plasmodesmal-callose/
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make pitfield identification difficult. Bleached leaves were removed by gently holding by 

the petiole to avoid breaking the leaf and were placed in a petri dish and cut into 5 mm 

wide strips with a razor blade. The cut strips were rehydrated in double distilled water 

(DDW) with 0.01% Tween-20 and incubated at room temperature for 1 hour on a shaker 

at 30-40 rpm.  The tissues were then transferred to a small petri dish (35mm in diameter 

and 10 mm heights) and submerged in aniline blue solution.  The unlidded petri dish 

was placed in a house vacuum desiccator and vacuumed for approximately 10 minutes 

followed by slow release of pressure. The petri dish was covered and sealed with foil 

before shaking at room temperature for 2 hours at 30-40 rpm. No de-staining was 

necessary. The samples were then imaged with confocal microscopy. 

Method 2: Callose staining in unfixed tissue. 

The 4th and 5th leaves of 4- to 5-weeks-old N. benthamiana plants were infiltrated with 

1% aniline blue using a 1-mL needleless syringe.  Leaves were then cut into 3-5mm 

strips and placed on a microscope slide for confocal microscopy.  

Method 3: One hour aniline blue staining on unfixed tissue 

The leaves of 4-5 weeks old N. benthamiana plants were cut into 5mm strips and 

incubated in 1% aniline blue in 0.01 M K3PO4, pH 12 buffer in the dark for 30-60 

minutes. Aluminum foil was used to cover the petri dish containing the cut leaves and 

1% aniline blue solution. After submerging leaf tissues in a staining solution, they were 

vacuumed gently for 10 minutes. 
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Confocal microscopy 
 
A Leica SP8 laser scanning confocal scanning microscope (Leica, Whetzlar, Germany) 

was used to imaged callose deposits from the abaxial side of the leave tissues using a 

40x/1.10 water immersion objective (HC PL APO CS2 40x/1.10 WATER). The excitation 

for aniline blue was with a 405-nm laser, UV (0.5-1%) and emission was captured from 

415 nm-525 nm. Z-stacks were collected from multiple regions of interest (ROI) 

(approximately 23-25 ROIs per leaf) were collected. Z stacks were collected using the 

system optimized step size (<1 µm).  All three methods were analyzed using ImageJ to 

quantify aniline blue-stained callose at plasmodesmata. 

Scanning parameters and Acquisition settings 

Frame scanning mode: XYZ 

Frame size: 1024 x 1024 

Zoom factor: 5 

Line average: 1 

Pixel depth: 8 bit 

Scan speed: 400 Hz 

To observe as many PD as possible, the pinhole aperture was initially set to 

open. Laser intensity and gain were adjusted to optimize the PD fluorescence against 

the background signal, while being careful to avoid oversaturation of callose sites. 

Saturation of the stomata was permitted.  23-25 Z-stacks were imaged using the same 

settings of image acquisition in the independent experiments.  
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ImageJ analyses 

For image analysis, the raw files were converted into max intensity Z-projections in 

ImageJ 106,107. Images were converted into 8-bit grayscale, inverted, and threshold 

adjusted to identify pixels of pitfields and to reduce background noise for better analysis. 

Connected components in a binary image were separated by watershed separation. An 

automatic particle analysis was performed to obtain information on PD-associated 

callose particles. Pitfields per 100 µm2 cell wall were calculated using Microsoft Excel. 

Statistical analyses 

Interquartile analysis was done in Excel by using the interquartile range method to 

remove outliers. Data were analyzed using GraphPad Prism 9 (version 9.5.0) and 

presented as Box & Whiskers plots with all pitfields values. Plots display the middle line 

representing the median, 1-4 quartiles with the minimum and maximum values within 

the interquartile range. Pitfields per 100 µm2 cell wall were normalized to untreated 

control. An unequal variances Welch’s t-test was conducted for each plot. 

CalloseQuant and quantification 

Semi-automated quantification of pitfields was performed using the CalloseQuant plugin 

developed by C. Huang et al. 2022.  Images captured using confocal microscopy were 

first auto-scaled and converted into .tiff format using FIJI ImageJ108. Depending on the 

nature of the confocal micrograph, the peak prominence values range were between 

25-45µm, and the measurement radius was maintained at 5.5 for Method A. For method 

B, the rolling ball radius range was used with 6-8 pixels, and the mean filter radius was 
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kept at 2 pixels. The images were thresholded using Bremsen’s technique at a radius of 

50. Due to programming errors in Method B, the thresholded particles were manually 

analyzed at a micron size of 0.02-infinity with a circularity range of 0.00-1.00. All the 

data collected were manually checked for the elimination of signals and data points 

outside of the region of interest (ROI). 

Results 

Aniline blue staining  is commonly use in numerous studies to determine the distribution 

of PD in several different tissues during plant development18,58. Here, we measured PD 

that are distributed in clusters called pitfields. We tested three different staining 

protocols and collected multiple z-stacks using confocal microscopy to determine which 

method gave the most reliable outcomes for measuring plasmodesmata. PD density 

was measured in the epidermal cell walls of N. benthamiana, a model plant for studying 

PD. Details of each method is presented in the Materials and Methods. Method 1 

involved fixing the tissue before staining the callose with aniline blue. Representative 

images obtained in maximum intensity z-stack projections from confocal microscopy of 

the untreated control and SA treatment are shown in Figure 5A. The control shows 

multiple pitfields in the cell wall, and other artifacts that are not within the cell wall 

(marked with white arrows). Method 2 for staining involved direct infiltration of aniline 

blue into leaves while they were still attached to the plants.  A representative maximum 

intensity projection of a z-stack is shown in Figure 5b. Aniline blue foci representing PD 

were clearly observed in the cell wall, and staining of other structures were rarely 

observed. 
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Figure 5: Three methods of aniline blue staining for plasmodesmata pitfield 
imaging.  

N. benthamiana leaf epidermal cells with staining of plasmodesmata (PD)-associated 

callose using 1% Aniline blue concentration. Representative images are shown for three 

different callose staining methods, both for untreated and SA treated plants. Panels 

corresponding to the three methods of aniline blue staining: a) fixed tissue, b) non-fixed 

tissue directly infiltrated with aniline blue, and c) non-fixed tissue stained with aniline 

blue for 30-60 minutes. Images are maximum projections of Z-stacks of images 

collected by confocal fluorescence microscopy and were used for the quantification of 

aniline blue-stained plasmodesmata (PD) pitfields. Scale bar = 10µm 
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Method 3 involved treating detached, unfixed leaves with aniline blue for 1 hour before 

imaging. A representative image is shown in Figure 5c. Like with Method 2, aniline blue 

foci were only detected in the cell wall and there were few, if any, other structures 

stained.  

To determine the average density of PD pitfields, at least 25 z-sacks were 

collected from each of three to four biological replicates for analysis using ImageJ Fiji 

106,107. Pitfields were quantified per 100um2 of cell wall for a region of interest. The 

workflow of the analysis for identification of callose deposition at PD is shown in Figure 

9. To describe the analysis pipeline, the dataset used to generate Figure 5A is used.  

The maximum intensity projection (Figure 9a) was converted to 8-bit (Figure 9b). The 

image was then inverted to perform inverse binary thresholding to measure the area of 

pitfields shown in red spots (Figure 9c-9f). Cell-wall lengths were measured by tracing 

the cell wall in the region of interest (Figure 9h). Only the total number of pitfields within 

the traced cell wall was calculated (Figure 9g) within each region of interest as 

pitfields/unit area. More details on the analysis of the pitfields/unit area can be found in 

the Materials and Methods of this chapter. Figure 6 shows the result of method 

comparison on the control N. benthamiana plant with all data values. The colors 

represent each biological replicate with the same experimental conditions but with 

different batches of plants. An interquartile range (IQR) analysis was used to overcome 

the sensitivity to extreme data values. To determine if the median pitfield densities were 

significantly different between the three methods, the data for the untreated controls 

were analyzed with and without IQR analysis. For the IQR analysis, outlier data points  
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Figure 6: Reproducibility of pitfield quantification across methods 

Pitfield quantification data from 3-4 biological replicates using each method were 

combined and are plotted using different colors. a) The medians are shown using a box 

and whisker plot. B) The same data is replotted using an interquartile analysis to 

remove outliers from each replicate. Median values are displayed above each plot in 

pitfields per 100 µm2 of cell wall. Medians from all methods are not significantly different 

based on the Tukey’s multiple comparisons test. P-values for method 1 vs. method 2 

combination are 0.5037; method 1 vs. method 3 contain a p-value of 0.9915 and 

method 2 vs method 3 contain a p-value of 0.4271.  
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more than 1.5 times the interquartile range were excluded.  The median within the 

interquartile range shows Method 1 untreated has a median of 1.581, Method 2 has a 

median of 1.443, and Method 3 has a median of 1.778 pitfields per 100 um2 cell wall, 

and none were significantly different from each other (Figure 6b). All three methods 

display similar medians in the control plants, so that does not give us a clear 

determination of which method is best for callose quantification at PD.  

Salicylic acid reduces intercellular trafficking via PD during innate immune 

response against pathogens 109. Treatment with SA induced the accumulation of callose 

at PD in Arabidopsis thaliana plants exposed to the elicitor flg22 110,111 or pathogen-

associated molecular pattern (PAMP) derived from bacterial flagellin protein 112. To 

determine which method would best reflect the accumulation of callose at PD induced 

by SA, N. benthamiana leaves were treated with 0.05 mM SA, and 12 hours later the 

leaves were stained with aniline blue using each of the previously described methods. 

We analyzed multiple datasets of images from 0.05 mM SA-treated N. benthamiana 

plants along with the control. Figure 7 shows all data values and the interquartile 

analysis of the various methods in treated and untreated controls. For Method 1, each 

replicate showed an increase in PD callose, reflected as an increase in PD density 

(Figure 7a and Figure 11). The median pitfield density increased from 3.417 to 5.731 on 

treatment with SA (p<0.0005) (Figure 10a). For method 2, however, the individual 

replicates did not consistently reveal increased callose at PD in response to SA 

treatment (Figure 7b and Figure 10b). This is best exemplified by Rep 2 (green dots) 

and Rep 4 (black dots), which show no change and a decrease in pitfield density on SA  
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Figure 7: Quantification of PD-associated callose in N. benthamiana leaves 
treated with 0.05 mM salicylic acid (SA) to induce callose.  

Pitfield densities were quantified for at least 23 regions of interest (ROIs) for 3 biological 

replicates of fixed (a) and 1hr staining (c; red, blue, and orange pitfields) and 4 

biological replicates of direct infiltrated aniline blue (b; red, blue, orange, and black 

pitfields). Fold induction by SA for all three methods is shown (d), along with the 

standard deviation, standard error and range. Statistical significance was determined by 

the Welch’s t-test (p<0.0001). 
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application, respectively. While method 2 shows no significant differences in the control 

and SA treatment, method 3 revealed significant differences in the control and SA 

treated plants (Figure 7c and Figure 10c). The median pitfield density increased from 

3.226 to 4.613 on treatment with SA (p<0.0005) (Figure 10c). However, the individual 

data reproducibility of each method clarifies that method 1 generated similar 

experimental results for each biological replicate (Figure 11.). In contrast, in our testing, 

method 2 and method 3 showed problems with high variability between replicates 

(Figure 12 and 13). Applying the IQR analysis for both the control and SA treatment 

datasets led to method 2 going from no significant difference to statistically significant 

difference between the control and SA treatment (Figure 10b and Figure 7b). In order to 

combine all replicates, despite the variability between each replicate, we normalized the 

treatment to the average control group within each replicate. Figure 7 shows normalized 

data of the three methods along with the fold induction, the range, and standard 

deviation. Method 1 has the smallest range (0.326 to 2.703) with the lowest standard 

deviation error of 0.08.  Data points from each replicate are spread evenly on method 1, 

whereas methods 2 and 3 show data points for each replicate are separated and not 

evenly spread between the ranges in the treated plants (Figure 7b and 7c). In Figure 8, 

we compared manual analysis data from method 1 to the CalloseQuant, a plug-in for 

semi-automated image analysis that is described to be a simple and fast in vivo staining 

procedure for the image and quantification of callose at PD108. The CalloseQuant  plug-

in comes with two methods; method A is highly sensitive to fluorescence intensity 

whereas method B has a low sensitivity to fluorescence due to thresholding 108. Both  
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Figure 8: Pitfield deposition quantification using manual and automated 
(CalloseQuant) methods in ImageJ.  

Callose-stained images using Method 1 (fixation) a) were quantified using manual 

counting, CalloseQuant A, and CalloseQuant B, both for SA treated and untreated 

samples. Three biological replicates are shown using different colors. Fold induction in 

response to SA treatment, standard deviation, standard error and range are shown (b). 
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Figure 9: Using FIJI to quantify the number of pitfields and measure the cell 
length (area) 
Maximum intensity projections of a Z-stack of images (a) are converted to 8 bits (b), 

inverted (c), and a threshold is set to select callose staining (red; d) along the cell wall. 

Adjoining foci are separated into distinct bodies using binary watershed (e). Any signal 

that is not along the cell wall is manually excluded (f, g). Lastly, the length of cell wall 

within ROI is measured using the segmented line tool (h).  
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Figure 10: Pitfield quantifications for each method using all data, without 
interquartile analysis.  

Quantification of staining of callose depositions with 1% aniline blue in untreated leaves 

and after 12 hours salicylic acid (SA) treatment. Method 1 (a) shows a significant 

difference (p=0.0001), method 2 (b) is not significant (p=0.0705), and method 3 (c) 

shows a significant difference (p=0.0014) using the Welch’s t-test (ns, p>0.05; *, p≤0.05; 

**, p≤0.01; ***, p≤0.001; p< ****, p<0.0001). 
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Figure 11: Reproducibility of pitfield quantifications aniline blue staining method 
1. 

Pitfields were quantified using method 1 with each of 3 biological replicates plotted 

independently, along with their fold changes (control:SA treatment). Statistical 

significance between untreated and SA treated are shown (Welch’s t-test; ns, p>0.05; *, 

p≤0.05; **, p≤0.01; ***, p≤0.001; p< ****, p<0.0001) 
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Figure 12: Reproducibility of pitfield quantifications aniline blue staining method 
2. 

Pitfields were quantified using method 2 with each of 4 biological replicates plotted 

independently, along with their fold changes (control:SA treatment). Statistical 

significance between untreated and SA treated are shown (Welch’s t-test; ns, p>0.05; *, 

p≤0.05; **, p≤0.01; ***, p≤0.001; p< ****, p<0.0001). 
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Figure 13: Reproducibility of pitfield quantifications aniline blue staining method 
3. 

Pitfields were quantified using method 3, with each of 3 biological replicates plotted 

independently, along with their fold changes (control:SA treatment). Statistical 

significance between untreated and SA treated are shown (Welch’s t-test; ns, p>0.05; *, 

p≤0.05; **, p≤0.01; ***, p≤0.001; p< ****, p<0.0001). 
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approaches were used with the callosequant.ijm plugin to measure the pitfields and 

callose quantity of confocal images of method 1. While the manual analysis showed the 

smallest range compared to CalloseQuant A and B, the fold induction by the SA was 

similar in all three approaches (Figure 8). If CalloseQuant A is said to be highly sensitive 

to fluorescence, we expected to see higher ranges of pitfields compared to 

CalloseQuant B (Figure 8b). 

DISCUSSION 

Callose dynamics plays an important role in allowing or limiting trafficking of 

signal molecules through PD. Callose accumulation at PD restricts intercellular 

trafficking whereas the removal of callose increases cell-to-cell trafficking of molecules. 

The well-known defense hormone salicylic acid is preferentially transported via the 

apoplast pathway and restricts intercellular trafficking through the deposition of callose 

at PD, making it a useful tool for inducing callose deposition and facilitating PD 

detection by aniline blue staining. Because of its ability to fluorescently stain callose (β 

1,3 glucan), cellulose, and related polysaccharides in the cell walls, aniline blue has 

been widely adopted for visualization of callose deposition at PD. At present different 

methods are used to administer this aniline blue staining, and without a rigorous 

comparison of these methods, it is difficult to make direct comparisons between studies. 

In this study, we compared the results and reproducibility of three methods for PD 

staining using aniline blue. We found that fixation of N. benthamiana leaf tissue prior to 

aniline blue staining produced the most reproducible results with similar fold changes 

and was better able to detect significant differences in our experiment (Figure 11). We 
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also compared the more manual quantification of the resulting images described here 

and a promising new semi-automated pitfield counting plugin. The CalloseQuant plugin 

(Callosequant.ijm) developed by Hung, Mutterer, & Heinlein is primarily used for 

quantifying callose accumulation at PD as well as measuring the pitfields per unit length 

of cell wall108. For high-throughput studies, an automated PD quantification tool will 

clearly benefit the field. In our hands, CalloseQuant showed similar medians in our PD 

quantifications, although the range was wider (Figure 8).  

CalloseQuant A is highly sensitive to fluorescence intensity whereas 

CalloseQuant B has low sensitivity because of thresholding, which makes it especially 

susceptible to the presence of high fluorescence bodies (organelles) outside the ROI 

and outside the cell wall area. 2D images with lower magnification are recommended for 

use with CalloseQuant. However, z-stacks (3D) images give more details on pitfields in 

the z-axis and binary watershed segmentation which separates closely adjacent foci 

given the correct value for callose deposition at PD. Lower magnification images of 

aniline blue staining would be more likely show multiple fluorescent bodies as one, 

reducing quantifications. Conversely, the absence of any step to exclude non-cell wall-

associated signal would inflate quantifications, a concern since aniline blue stains other 

cellular components. As a result, using individual ROIs at higher magnification to 

analyze callose deposition may produce more accurate counts. Accordingly, the range 

and standard deviation/error were higher for CalloseQuant quantifications than the 

manual method. Notably, the fixation method of aniline blue staining which performed 

the best in our testing, also contains more artifactual signals due to the ethanol fixation. 
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The quantification method used here excludes such signals when not localized to the 

cell wall, so the semiautomated approach should be evaluated with the methods (2 and 

3) containing little to no signal outside the cell wall (Figure 5). However, these potential 

shortcomings may well be less meaningful at higher sample sizes, and being able to 

reliably and reproducibly show relative changes between treatments at high throughput 

is more important than absolute quantifications, both of which are beyond the scope of 

this study to evaluate. 
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CHAPTER 3 

SALICYLIC ACID, INTERCELLULAR TRAFFICKING, AND PD 

DISTRIBUTION 
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INTRODUCTION 

3.1 The importance of plasmodesmata: intercellular trafficking and 

communication in plants. 

Pores in plant cell walls, plasmodesmata (PD), directly connect neighboring cells 

allowing the intercellular trafficking of small molecules like metabolites and hormones, 

as well as macromolecules like small RNAs and protein transcription factors that act as 

signaling molecules during development and defense. Thus, PD are indispensable for 

signaling and communication between plant cells. PD are structurally complex yet 

diverse, and transmission electron microscopy (TEM) reveals that they are usually 30-

50 nm in diameter and can consist of a single opening or multiple openings connected 

to each other via a central cavity4. The desmotubule at the center of the PD consists of 

compressed endoplasmic reticulum (ER) and thus allows ER continuity between cells. 

The desmotubule is tethered to the plasma membrane (PM) of PD by PD-regulatory 

proteins synaptotagmin A (SYTA/SYT1), suggesting that PD are specialized ER-PM 

contact sites96. The major conduit for cell-to-cell trafficking is likely the cytoplasmic 

sleeve, the cytoplasm-filled space between the desmotubule and the PMs of the 

connected cells. PD trafficking is often regulated by the controlled accumulation of the 

β-1,3-glucan callose in the cell wall surrounding a plasmodesmal pore97 (Figure 2). 

Callose deposition reduces intercellular trafficking while the converse occurs when 

callose is removed98.  
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3.2 Intercellular trafficking via plasmodesmata is important for plant defense and 

is regulated by hormones. 

Beyond their roles in development, PD are also critical for defense against pathogen 

infection113. Plants are not passive in the face of pathogen intrusion, and they have 

evolved to limit pathogen ingress via PD. One major strategy is to limit trafficking of 

pathogen-derived molecules (effectors) or pathogens themselves (viruses, some fungi, 

and oomycetes) through PD. The restriction of PD trafficking capacity during 

development or in defense against pathogens is usually accomplished through the 

physical occlusion of the PD pore by the accumulation callose. In both instances, the 

regulated accumulation of callose is mediated by hormones98. Another function of PD 

during defense is facilitating the systemic distribution of signaling molecules including 

hormones that initiate defense responses distal from the initial infection sites, especially 

during systemic acquired resistance (SAR)99.  

3.3 Salicylic acid (SA) regulates PD trafficking in response to pathogen infection. 

In plants, the small molecule salicylic acid (SA) plays an important physiological role 

growth, development, and defense against biotrophic pathogens109. As a hormone, SA 

acts by increasing the plant’s response to biotic stress conditions and is essential for the 

whole-plant defense response termed SAR. Endogenous SA is produced through two 

distinct but related pathways, the isochorismate synthase (ICS) pathway and the 

phenylalanine ammonia-lyase (PAL) pathway114. To produce SA, both pathways require 

the primary metabolite chorismite, the product of the shikimate pathway of the plastid. 

Exogenous application of SA in plants can trigger immune responses31. SA can regulate 
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intercellular trafficking through plasmodesmata, and exogenous application of SA 

decreased intercellular flux via PD31. SA regulates plasmodesmata through callose 

dynamics, acting through the callose synthase enzyme CalS130 , PLASMODESMATA 

LOCATED PROTEINs (PDLPs)29,31 and modulating lipid metabolism through the lipid-

raft like protein REMORIN to control callose accumulation at PD32 . SA application also 

accelerated the formation of complex PD7.  

Considering the importance of PD to pathogen infection, pathogens have evolved 

to counteract the effects of SA on PD. This is exemplified by plant viruses. SA induces 

plant defense against viruses50,50,115 and one of its effects is callose accumulation at PD 

and reduced PD trafficking116. Plant viruses often, however, increase intercellular 

trafficking in a well-known process termed gating3,117,118. This suggests that the 

relationship between PD and SA is not straightforward but instead dynamic and 

complex. SAR is one form of long-lasting, broad-spectrum resistance that is induced in 

distal parts of a plant in response to a localized infection99. Several mobile chemical 

signals are involved in SAR99.  Recent research shows that the methylated derivative of 

SA, methyl salicylate (MeSA), serves as a crucial phloem-mobile SAR signal, although 

MeSA is not itself necessary for SAR in distal tissues99. In contrast, SA does not traffic 

via the symplast but instead moves outside the cell in the apoplast29. Besides SA, other 

plant hormones can act non-cell-autonomously. Jasmonic acid (JA) is a lipid-derived 

hormone that is well known for its important role in defense against necrotrophic 

pathogens119. Experimental evidence suggests that JA and its derivatives, especially 

JA-conjugated to isoleucine (JA-Ile), can move systemically in plants although many 
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questions about the identity of the mobile molecule in JA signaling remain120. The effect 

of JA on PD has not been clearly described, although one report suggests that 

treatment with JA stimulated export of photoassimilate (sugar) from source leaves, 

suggesting altered PD trafficking121. While SA and JA are two of the major defense 

hormones, their signaling pathways are antagonistic to each other122,123. Given the 

importance of these hormones in mediating defense responses, the effects of these 

hormones on PD and intercellular trafficking should be clarified.    

3.4 The effect of hormones on PD structure 

While callose deposition and removal seem to be the primary mechanism through which 

hormones act to control PD trafficking during development, there are instances where 

other changes to PD have been observed. Exogenous application of another plant 

hormone abscisic acid (ABA) modified PD pore size in the moss P. patens, with PD in 

ABA-treated samples being narrower than those in control plants, and no increase in 

PD callose in response to ABA was detected28.  There are two major classes of PD that 

form at different times in development. The first class is primary PD that form during 

cytokinesis when strands of ER become trapped in the nascent cell wall forming 

between daughter cells. The second class is the secondary PD which are added to 

existing cell walls by a mechanism that remains elusive but must involve cell wall 

remodeling4. Exogenous application of SA induced the formation of secondary PD in 

Arabidopsis leaves, causing the leaves to change from simple pores to branched 

structures7. Thus, hormones may alter PD ultrastructure by means other than callose 
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metabolism, although this has not been experimentally verified. This possibility was 

investigated in the proposed research124. 

3.5 Central Hypothesis: As important players for signaling between plant cells and 

tissues, PD and hormones are intimately connected. Several recent studies have 

addressed the role of the hormones, auxin17,20 and cytokinin75 in regulating PD during 

development. Further, the trafficking of auxin via PD is an exciting emerging field in 

plant physiology125,126. Regulated intercellular trafficking via PD is an important aspect 

of plant-pathogen interactions. Despite the importance of PD-hormone interplay in 

plants, how hormones influence PD remains poorly understood, and only now is 

the role of PD in mediating hormonal and signaling flux being investigated. Based on 

the seemingly contradictory effects of viruses on SA and PD interactions, the central 

hypothesis of this work is that SA regulates PD in a concentration dependent 

manner, and with complex temporal dynamics, by changing PD structure and 

formation through modification of cellular processes involved in secondary PD 

formation. By using pharmacological and cell biological approaches (Figure 3), we 

determined and measured the effects of different SA concentrations and treatments on 

PD trafficking and, determined the effects of SA on PD structure, distribution, and 

number. We discovered SA regulate PD trafficking though callose dynamic in a time 

and dose manners.  
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RESULTS 

Optimizing exogenous application of SA to Nicotiana benthamiana leaves 

Arabidopsis carries five paralogs of NONEXPRESSOR OF PATHOGENESIS-

RELATED GENES 1 (NPR1), which are required for SA response and serve as markers 

for SA signaling. PR1, PR2, and PR5 are considered markers for SA-dependent 

SAR127. Quantitative PCR (qPCR) was used to measure expression of the accumulation 

SA marker gene in Nicotiana benthamiana, NbPR5, in response to exogenous 

application of SA under our experimental protocols. SA at varying concentrations was 

introduced into leaves of 4-week-old N. benthamiana plants by infiltration with a 

needleless syringe. N. benthamiana was used in these experiments because it is used 

as a model host for studying many plant-pathogen interactions and because its large 

leaves and ease of transformation by Agrobacterium tumefaciens make it well suited for 

cell biology investigations like microscopy. 

Induction of NbPR5 expression was interpreted as indicating the activation of SA 

defense signaling pathways (Figure 14). Treatment with 100 uM SA(Sigma-Aldrich) 

induced expression of PR5 almost 30-fold. In contrast, 5mM of SA infiltrated into leaves 

resulted in a lower NbPR5 induction, with only 6-fold induction.  It was also observed 

that 5 mM SA damaged the infiltrated leaves leading to necrosis, and this damage could 

account for the lower measurements of induction by qPCR. 
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Figure 14: qPCR results for NbPR5 expression after SA infiltration.  

NbPR5 mRNA accumulation was quantified following two infiltrations with a solution 

containing 100 µM SA, 5 mM SA, or mock treatment (WT). Data are normalized to the 

untreated wild type (WT) sample. Error bars are represented as mean SD (n=3). Data 

shows high accumulation of SA-induced transcript level with 100uM of SA.  
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Measure the effect of SA concentration, treatment time and context dependence 

on intercellular trafficking. 

A very low inoculum of A. tumefaciens cells (OD600=0.0002) carrying a plasmid for 

expression of plant-optimized monomeric GFP was infiltrated into N. benthamiana 

leaves with needleless syringes so that individual epidermal cells would be transformed 

to express monomeric GFP. Twenty-four hours later, 100 µM (0.1mM) SA was infiltrated 

into the same leaves. Intercellular trafficking of GFP to neighboring epidermal cells was 

then quantified 48 hours after infiltration of A. tumefaciens (24 hours after infiltration of 

SA). An example GFP movement between epidermal cells is shown in Figure 3c. 

Movement was scored by counting the number of neighboring layers of cells into which 

GFP has moved (light green) from the transformed cell (bright green) (Figure 3c).  

Traditionally, studies of the effects of hormones on PD have relied on a single-

concentration dose and the collection of data at a single time point after application. 

This methodology can be expected to produce a single increase/decrease answer 

without the nuance of how hormone levels fluctuate in a cell over time or during a 

defense response. The length of exposure to the hormone stimulant is another variable 

that could determine the observed effects on PD. Short treatment times could report on 

the immediate effects of SA while longer times could allow the induction of secondary 

signaling pathways, e.g., those of other hormones, induced by SA. To determine 

whether there is a dose-dependent response, we therefore conducted movement 

assays at various times after application of SA. Further, defense responses typically 

involve multiple hormones interacting with complex dynamics. We therefore determined 
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the effects of SA on PD at different concentrations and times after application. 

Experiments that examine the effects of SA on plants use a wide range of 

concentrations, from 0.01 to 5 mM109  although 1 mM is often used for studies on 

defense128. A variety of concentrations was used to determine the sensitivity of PD to 

varying amounts of SA. A minimum of three biological replicates were completed for 

each concentration and each replicate contained at least 20 foci of GFP movement. Our 

data show long treatment with SA (12 or 24 hours) reduces intercellular trafficking via 

plasmodesmata, consistent with previous literature. Interestingly, short treatment with 

SA modifies intercellular trafficking in unexpected ways (Figure 15 and 16). While 

treatment with SA for one hour reduced intercellular trafficking of the GFP probe, four 

hours of SA treatment increased PD permeability (Figure 15 and 16). The effect of SA 

on intercellular trafficking was concentration dependent with the 0.1 mM concentration 

inducing stronger changes in permeability at four and 24 hours of treatment (Figure 15 

and 16). Our data suggest that SA has effects on PD other than inhibiting trafficking and 

support the hypothesis that SA effects may be time and concentration dependent. 

Determine the effects of SA on PD number and structure. 

This experiment was followed by measuring callose accumulation and degradation at 

PD using aniline blue staining and fluorescent microscopy. We investigated the 

correlation between cell-to-cell trafficking via movement assay and the staining of 

callose deposition with 1% aniline blue in untreated leaves and after various lengths of 

(1, 4, 12hrs) SA treatment (Figure 17). We observed a strong correlation between PD 

relative permeability and callose deposition in the presence of 0.05mM SA (Figure 18),  



67 
 

Figure 15: The effect of SA on intercellular trafficking is concentration dependent 
and long treatment with SA reduces intercellular trafficking.  

A) 24-hrs treatment of SA reduces cell-to-cell movement at both 0.05 mM and 0.1mM 

concentrations (n = 94) compared to the untreated control (WT), with 0.1 mM showing a 

greater reduction. B) 12-hrs treatment of SA reduces cell-to-cell movement for 0.05 mM 

and 0.1 mM SA treatments, with 0.05 mM showing the greater reduction (n = 115). C) 4-

hrs treatment of SA increases cell-to-cell movement (n = 108) for 0.05 mM and 0.1 mM 

treatments, with 0.1 mM showing the greater increase. D) 1-hr treatment of SA reduces 

cell-to-cell movement for both concentrations tested (n = 103) with 0.05 mM showing a 

greater increase. 
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Figure 16: SA changes PD permeability in a time-dependent manner.  

Data shows the fold chance in the average number of layers of movement in movement 

assay over a 24 h time course, for untreated (WT; black), 0.05 mM SA (red) and 0.1 mM 

SA (blue), relative to untreated. The result shows that SA has complex time-dependent 

and dose-dependent effect on movement. 
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Figure 17: Quantification of PD-associated callose in fixed N. benthamiana leaves 
treated with 0.05mM salicylic acid using the fixation method of aniline blue 
staining (Method 1).  

Data show the number of pitfields per 100 µm2 of cell wall.  A) 12 hours of SA treatment 

show significant increase of pitfields in the treated plants. B) 4-hour SA treatment shows 

significant decrease in pitfields in the treated plants. C) 1 hours SA treatment shows 

increase in pitfield in the treated plants compared to the untreated control. Significant 

differences were determined using the Welch’s t-test (ns, p>0.05; *, p≤0.05; **, p≤0.01; 

***, p≤0.001; p< ****, p<0.0001). n= 68 – 96 for each treatment across the three 

experiments. 
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Figure 18: Quantification of PD-associated callose in fixed N. benthamiana leaves 
treatment with 0.05mM salicylic acid to verify the correlation between callose 
deposition and PD movement by callose staining with aniline blue.  

The dynamic callose turnover by callose synthases and degradation at the cell well 

(blue plot) is correlated with the layers of movement data in (red plot). Callose 

accumulates in the cell wall of 1 hour and 12 hours of SA treated plants compared to 

the untreated control. However, the dynamics of the callose response is different at 4hrs 

of SA treatment which shows reduced accumulation of callose at the PD compared to 

the untreated control. n= 68 – 96 for each treatment time experiment. 
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which raises many intriguing questions, including the mechanisms that are involved in 

modifying intercellular trafficking at the different treatment times.   

Measuring PD distribution in SA-treated tissue 

SA has been reported to inhibit PD by inducing callose accumulation at PD through the 

action of members of the PDLP family29,31,55.  PDLPs have large extracellular domains 

but very little cytoplasmic structure and when tagged with fluorescent proteins they are 

used as markers for the presence of PD7,74.  PD are diverse and can be roughly 

grouped into three different morphological forms: simple, twinned, branched or 

complex4. Simple PD can be modified into complex PD as during the sink to source 

transition in leaves8. SA accelerated the formation of complex (secondary PD) in 

Arabidopsis leaves7. No other effects of SA on PD structure or formation have been 

reported. We therefore set out to determine whether SA has effects on PD in addition to 

callose accumulation. Increased numbers of PD are correlated with increased 

intercellular trafficking in N. benthamiana leaves and the opposite was also observed for 

decreased trafficking74, and our preliminary data suggest that some concentrations of 

SA may increase intercellular trafficking.   

To measure whether SA increases or inhibits trafficking by modifying the 

numbers of PD in leaves we used the fluorescently labeled marker, PDLP1-GFP. 

Confocal images were used to determine the localization of PD along the cell junctions 

of N. benthamiana epidermal cells (Figure 3f). Leaves of 4-5 weeks old N. benthamiana 

plants was infiltrated with A. tumefaciens carrying a plasmid construct for expression of 

PDLP1-GFP. Twenty-four (24) hours after agroinfiltration, SA was infiltrated into the 
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same leaves. Data were collected by confocal fluorescence microscopy on the Danforth 

Center’s Leica SP8-X instrument and PD was scored using our previously described 

approach based on semi-automated image processing in ImageJ74,129.  Tissue treated 

with vehicle only were served as the negative control and data were collected from 

three biological replicates each of which allowed scoring of at least 30 fields of view of 

cells. The SA concentrations and treat times used were determined by experiments 

described above. Unexpectedly, we observed SA concentrations and treatment times 

do not affect secondary PD formation, we saw no changes in the number of PDLP1-

GFP foci in the SA-treated compared to the control (Figure 19). Since the number of 

observed PDLP1-GFP foci remains unchanged, we concluded that SA does not affect 

secondary PD formation in our system. 

Determining structural changes to PD in response to SA by transmission electron 

microscopy 

Transmission electron microscopy (TEM) is used to obtain detailed images of the 

internal structures of cells and thus, allowed us to visualize the ultrastructure of PD124 

(Figure 3). The Burch-Smith lab has developed a consistent protocol that produces high 

quality samples for TEM87. Leaf tissues treated with SA in the same protocol as 

described in above and in Fitzgibbon et al 2013 were prepared for TEM by high 

pressure freezing followed by freeze substitution and our standard lab protocol87. 

Observed PD were classified into structural forms according to Burch-Smith et al 2010, 

and the density of PD (total and by structural form) was determined per 100 µm2 of cell 

wall as described previously12. Our lab previously used PFLP1-GFP to measure PD  
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Figure 19: Quantification of PD density in N. benthamiana using the PD marker 
PDLP1-GFP to measure PD distribution in SA-treated tissue and check for 
secondary Pd formation.  

Pitfields per 100 µm2 of cell wall are plotted as previously described. Quantifications are 

for 0.05 mM SA treated and untreated control after 12 hours (A), 4 hours (B), and 1 hour 

(C).  No significant differences were observed in the untreated control and treated SA 

plants regardless of the treatment time. n = 69 for each time treatment experiment. 

Significant differences were determined using the Welch’s t-test (ns, p>0.05; *, p≤0.05; 

**, p≤0.01; ***, p≤0.001; p< ****, p<0.0001). 
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density74. It is possible, however, that SA could influence the trafficking of PDLP1-GFP 

to the PD and that interpretation of data could be complicated by the involvement of 

PDLP proteins in mediating SA effects on PD. The use of TEM imaging of PD was 

complementing the use of PDLP1-GFP as a marker and confirm observations with 

PDLP1-GFP. Thin-section TEM imaging is known to undercount PD in a sample and is 

therefore inferior to whole-volume 3D-imaging techniques like serial block face- 

scanning electron microscopy (SBF-SEM) and focused ion beam-SEM (FIB-SEM)92 

(Figure 3). However, the 3D techniques require specialized instrumentation that is 

currently unavailable at the Danforth Center. Since the sample blocks prepared for thin-

section TEM can be used for 3D SEM-based imaging, we used these 3D imaging 

approaches should they become available. 

Discussion 
 

It is surprising that much remains unknown about the interplay between hormones and 

PD given the importance of both in plant development. The overarching goal of this 

project is to elucidate how the important defense hormone SA changes PD to control 

intercellular flux of signaling and defense molecules, as well as pathogen-associated 

molecules. It has been long known that SA plays an important role in plant defense 

signaling and therefore decreases cell-to-cell trafficking. While SA does not transport via 

PD, it uses PD-localized proteins such as (PDLP5) to induce callose at PD and block 

trafficking. Some bacterial pathogens use effectors that pass through PD to block the 
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systemic acquired resistance response and therefore keep PD open, allowing the 

spread of pathogens.  

To investigate the time-dependent and concentration-dependent effects of SA on PD, 

we first determined the best method to apply the exogenous SA to N. benthamiana 

leaves. We found that 100 µM SA infiltrated into N. benthamiana leaves successfully 

showed upregulation of the pathogenesis-related gene 5 (PR5) by qPCR (Figure 14). 

We then measured the layers of movement in SA-treated plants and untreated controls. 

We observed a significant difference in movement of the untreated control vs the SA-

treated plants at various time points (1, 4, 12, and 24 hrs) (Figure 15). Consistent with 

the literature, we observed a decrease in cell-to-cell trafficking at 24 hours, 12 hours, 

and 1 hour of SA treatment, supporting that the experimental protocol was successful.  

Fascinatingly, we discovered an increase in movement at 4 hours of SA treatment 

(Figure 15 and 16). This finding, together with the simultaneous reduction in callose 

staining (Figure 17 and Figure 18), suggests that at 4 hours SA regulates PD trafficking 

by degradation of callose at PD. This finding could represent an important new detail 

about how plants balance the need to restrict pathogen movement through PD with their 

own need to use intercellular communication to coordinate defense. While this finding is 

yet to be experimentally explored, we speculate that this brief opening of PD 4 hours 

after activation of the SA-induced defense response could function to facilitate the 

trafficking of important mobile RNA necessary to fight against pathogens, including 

antiviral siRNA.  
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While callose deposition or degradation at PD can dynamically control PD permeability, 

it is also possible that PD number could change in response to SA. We observed no 

significant change in the pitfield density between untreated controls and SA-treated 

plants at all tested time points (1, 4, and 12 hours) (Figure 20). From this finding we 

conclude that SA regulates PD through callose dynamics by using PD localized proteins 

to close (1hr), open (4hrs), and then again close (12hrs) PD. At 1 hour SA treatment, 

SA most likely to activate PD-localized proteins (such as PDLP 5) to deposit callose at 

PD and therefore restrict intercellular trafficking. At 4 hours of SA treatment, the cell wall 

signals the nucleus to activate glucanases which results in callose degradation at PD. 

At longer treatment time, SA activates the systemic responses to induce callose 

synthases and therefore decrease cell to cell trafficking. 

These findings regarding the dynamic closing and opening of PD by SA  may be 

applicable to other hormones such as cytokinins, abscisic acid, auxins, and jasmonic 

acid97 etc.; other hormones could be tested  In the long term, understanding and being 

able to predict the outcome of hormone-PD interactions provide new tools for 

approaches that can enable the engineering of resource allocation, such as for 

maximizing the proportions of crop photosynthetic output that is available for human 

consumption, e.g., the rice C4 project34. Improved crops could improve human health 

and nutrition. 
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Figure 20: Summary of SA-induced PD density quantification and movement 

Following 0.05 mM SA treatment, average fold change in layers of movement relative to 

untreated is shown (red), along with the average pitfield number per 100 µm2 of cell wall 

as determined by aniline blue callose staining (blue) or using the PD marker PDLP1-

GFP (green) in N. benthamiana. Data shows a clear negative correlation between the 

movement (red) and callose-staining of PD (blue), while the total number of PD pitfields 

remains unchanged (green). 
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CHAPTER 4  

OVERALL DISCUSSION ON THE TIME-DEPENDENT SA-INDUCED 

CHANGES IN PD CALLOSE 
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Plants are multicellular organisms and communication between cells is critical for 

the survival of individual plants. However, plant cells have the added challenge of 

having cellulosic cell walls between cells, which imposes a physical spacing that limits 

direct cell-to-cell contact of cell surface components. Plasmodesmata (PD) are pores 

that connect one plant cell to another, allowing them to have passages between cells 

that traverse the cell wall barrier. PD are plasma membrane-lined pores in the plant cell 

walls which allow trafficking of small molecules and macromolecules including 

metabolites and signaling molecules from one plant cell to neighboring cells. Plants 

have evolved to use PD transportation for regulators of development and function. 

Several hormones also traffic between cells via PD. Interestingly, while salicylic acid 

(SA) does not traffic via PD, but rather through the cell wall (apoplast), it can influence 

PD trafficking functions. Indeed, SA is a critical hormonal signal that regulates cell-to-

cell permeability in response to pathogen infection. Previous studies have shown SA to 

regulate plasmodesmata through callose dynamics. SA has long been known to 

increase plant responses to biotic stress conditions by potentiating systemic acquired 

resistance (SAR). SAR is a secondary immune response that acts against pathogens in 

plants. Because PD are very important for plant growth, development, and defense, I 

sought to understand the molecular mechanisms involved in PD regulation and 

trafficking. The cellular mechanisms of how SA, a PD regulator, could directly or 

indirectly regulate intercellular trafficking by adjusting PD permeability were investigated 

in the body of work described in this dissertation.  
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PD trafficking is often regulated by the controlled accumulation of the β-1,3-

glucan callose in the cell wall surrounding a plasmodesmal pore. Callose deposition 

reduces intercellular trafficking while the converse occurs when callose is removed. The 

restriction of PD trafficking capacity during development or in defense against 

pathogens is usually accomplished through the physical occlusion of the PD pore by the 

accumulation of callose. In both instances, the regulated accumulation of callose is 

mediated by hormones. Hormones have varying effects on PD-mediated 

trafficking. Hormones such as cytokinin-benzyladenine (BA) and gibberellic acid (GA) 

promote the removal of callose at PD to allow intercellular trafficking. In contrast, auxin, 

abscisic acid (ABA), and salicylic acid (SA) cause the deposition of callose at PD, 

restricting intercellular trafficking. Plants use salicylic acid (SA) as a signaling molecule 

to mediate responses to pathogen invasion and stop the infection process. SA is 

therefore a well-studied defense hormone that regulates PD, and its mode of action is 

usually thought to be by restricting trafficking of signaling molecules through callose 

accumulation at PD.  

A well-known defense hormone, SA is preferentially transported from cell-to-cell 

via the apoplast pathway and yet, intriguingly, it restricts intercellular trafficking via the 

symplast through the deposition of callose at PD. During pathogen infection, plants 

respond by sending mobile signals through the apoplast to neighboring plant cells, 

which then develop a systemic response that includes adjusting callose accumulation at 

PD usually resulting in pore closure. The role of PD during defense is complex.  Some 

bacterial effectors that inhibit defenses and promote infection also hijack PD-located 
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innate immune responses to increase PD permeability and enable the movement of the 

bacterial effector from cell-to-cell. When SA is involved, recognition of effectors triggers 

the intercellular movement of the systemic signals azelaic acid (AzA) and glycerol-3-

phosphate (G3P). These two metabolites are associated with PD-LOCATED PROTEINs 

(PDLPs) that can regulate PD permeability by inducing callose at the PD. The central 

hypothesis of this work is that PD and hormones are intimately connected, as they are 

important players in signaling between plant cells and tissues. This project investigated 

the effects of salicylic acid on PD and intercellular trafficking given its importance in 

mediating defense responses. Understanding how plasmodesmata regulate 

communication during development can potentially open avenues to engineering crops 

with greater yield for the growing population, and better understanding PD may similarly 

help limit infection by plant pathogens including viruses, which cause considerable 

economic losses and are a threat for sustainable agriculture. 

Fluorescent dyes are the most common and easy method for measuring 

intercellular trafficking. Movement can be observed using low-pressure bombardment to 

transfect cells to produce GFP. Alternatively, microinjection with small dyes like CFDA 

can also be used to measure trafficking. In this project, we measure cell-to-cell 

trafficking using agrobacteria carrying a tag-free GFP construct. Movement of free GFP 

from the transfected cell through PD to neighboring epidermal cell layers is quantified. If 

GFP is only observable in the transfected cell nucleus this is quantified as zero 

movement, i.e. the GFP is in the zero layer (Figure 3C). If GFP is observed in nuclei of 

immediately adjacent cells, this is described as one layer of movement, and so forth for 
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the two and three layers of movement. The effect of SA on PD trafficking was measured 

after the exogenous application of SA at 0mM, 0.05mM, and 0.1mM concentrations for 

different treatment times. I discovered that the effects of SA depend on the treatment 

time. Previous studies showed longer SA treatment times lead to severe reductions in 

intercellular trafficking. For instance, SA was shown to increase PD callose using the 

callose synthase enzyme CalS130 and PDLPs29,128, and also by callose-independent 

mechanisms108. I found that long treatment (12 hours and 24 hours) with SA reduces 

intercellular trafficking whereas short time SA treatment modifies intercellular trafficking 

in unexpected ways. One hour of SA treatment reduced cell-to-cell movement (Chapter 

3). I also discovered that the effect of SA on intercellular trafficking was also 

concentration dependent. Interestingly, at four hours and 12 hours of SA treatment, I 

observed an increase in trafficking at 0.1mM compared to 0.05mM. in contrast, I 

observed a decrease in trafficking at 0.1mM compared to 0.05mM at 1 hour and 24 

hours SA treatment. I also investigated the correlation between callose deposition and 

PD movement using callose staining with aniline blue on fixed tissue. I observed a 

strong negative correlation between PD relative permeability and callose deposition at 

PD. To test whether SA increases or decreases trafficking by modifying the numbers of 

PD in N. benthamiana, I measured the pitfield distribution using the PD marker PDLP1-

GFP to determine whether SA causes secondary PD formation, perhaps explaining the 

increasing cell-to-cell trafficking we observed at 4 hours of SA treatment. Our results 

showed no statistically significant effect on plasmodesmatal distribution which indicates 
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that SA does not regulate PD formation and only regulates PD through callose 

dynamics. 

This novel finding raises many intriguing questions such as what mechanisms 

involved in PD trafficking to decrease at one hour of treatment, increase after four hours 

of treatment, and decrease at 12 hours. Are there any specific gene expression 

changes between these timepoints? This could be addressed by comparing gene 

expressions in plants treated with SA for 4 or 12 hours using RNAseq. Another question 

is what effect does endogenous SA accumulation have on cell-to-cell trafficking? This 

can be addressed by preforming virus-induced gene silencing (VIGS) of the SERINE 

PALMITAYTRANSFERASE (SPT) gene whose silencing activated the SA signaling 

pathway130. SPT catalyzes the first reaction in long-chain base (LCB) synthesis. LCBs 

act as bioactive molecules in the immune response. Plant immunity was affected as 

SPT-silenced plants accumulated SA, constitutively expressed the SA-inducible NbPR-

1 gene and showed increased susceptibility to the necrotroph A.alternata f. sp. 

lycopersici. VIGS of SPT profoundly affected N. benthamiana development as well as 

LCB composition of sphingolipids. Alternatively, transgenic plants expressing the 

bacterial salicylate hydroxylase gene NahG that degrades SA and are incapable of 

mounting SAR. This can be used to address how low levels of SA influence cell-to-cell 

trafficking when compared to NahG plants treated with 0.05mM SA at 4- and 12-hours 

treatment time. Understanding the relationship between PD and hormones is a complex 

and exciting focus in plant physiology and my research findings open new avenues for 

future research. 
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In summary, we discussed the importance of cellular communication and cellular 

coordination to proper plant functioning and survival. The mechanism of how hormones 

like SA are connected, correlated, or regulated PD transports remains unclear. This 

dissertation contributes to understanding of the patterns of PD-hormone interactions 

through callose dynamics and the cellular mechanisms that drive the regulations of 

hormones and PD in N. benthamiana leaves. PD regulation is an important component 

of plant defense and development and provides essential cell-to cell trafficking for 

effective response to pathogens or biotic stress in a timely manner (Figure 21). An 

increase in cell-to-cell trafficking after 4 hours of SA raises an intriguing question 

regarding what mobile RNAs or signal molecules are transported via PD during this brief 

transport window. With optimized and more uniform methods for the study of PD, 

researchers will be able to efficiently investigate the mechanistic details underlying the 

regulation of PD permeability. 
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Figure 21: Working model of time-dependent SA-induced changes in PD callose.  

1 hour of exogenous application of SA activates PD-localized callose synthases 

proteins (PDLP5, AZA, GP3, etc.) and restricts intercellular trafficking. Cell wall signals 

nucleus to activate glucanases to temporarily open PD at 4 hours of SA treatment. At 12 

hours, SA activates the SAR inducing callose synthases to restrict intercellular 

trafficking.  
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Future direction 

Measuring PD trafficking in the presence of Virus and SA 

Our lab previously hypothesized that SA regulates secondary PD formation. 

However, my findings instead revealed that SA alone does not affect plasmodesmata 

distribution, suggesting that the previous observation may be due to viral regulation. 

This raises a new question. Does virus infection show the same time-dependent 

dynamics in PD permeability as observed with the SA treatment? This experiment can 

be addressed using the protocols for measuring cell-to-cell trafficking though movement 

assay as previously described. Another important question is what is the function of the 

brief increase in PD permeability at 4 hours following SA treatment? It is possible 

transient increase in intercellular trafficking is to enable the spread of defense signals 

like AzA and G3P which mediate SAR. In the case of a viral infection, transient 

increases in intercellular trafficking could allow antiviral siRNA or mobile mRNA to 

spread for systemic defense, and the virus usurps this phenomenon for its own spread. 

This leads to another question: does PD trafficking have a different response to the viral 

infection at various time points? This can be addressed by performing movement assay 

to measure changes in trafficking and also measuring pitfield distribution using the 

PDLP1-GFP marker at carefully selected time points. We can also determine what 

structural changes in PD in response to virus and SA using TEM. 
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Measuring PD trafficking in the presence of SA and another defense hormone 

Besides SA, other plant hormones can act non-cell-autonomously. Jasmonic acid 

(JA) is a lipid-derived hormone that is well known for its important role in defense 

against necrotrophic pathogens119. Experimental evidence suggests that JA and its 

derivatives, especially JA-conjugated to isoleucine (JA-Ile), can move systemically in 

plants although many questions about the identity of the mobile molecule in JA signaling 

remain120. The effect of JA on PD has not been clearly described, although one report 

suggests that treatment with JA stimulated export of photoassimilate (sugar) from 

source leaves, suggesting altered PD trafficking121. While SA and JA are two of the 

major defense hormones, their signaling pathways are antagonistic to each other122,123. 

Given the importance of these hormones in mediating defense responses, the effects of 

these hormones on PD and intercellular trafficking should be clarified. 

To investigate the effects of the hormone JA on PD, leaves will be treated with 

JA, SA, JA+SA or vehicle only and then quantitative GFP movement assays will be 

performed. JA will initially be used at a concentration of 0.25 mM as reported in the 

literature131 and adjusted as needed. Optimal SA concentrations and treatment times 

will be based on my results from Chapter 3. If JA and SA are antagonistic to each other 

with respect to PD, we expect to see opposite effects on intercellular trafficking with JA 

increasing intercellular trafficking at 0.25mM.  
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Measure the effects of different SA concentrations and treatments on PD 

trafficking and compare the effects of SA in combination with JA. 

Another direction the research could take is to determine the effect that SA has 

on endocytosis and endoplasmic reticulum-plasma membrane (ER-PM) contact sites. In 

various organisms, membrane contact sites allow communication between organelles to 

coordinate metabolism132. PD contain appressed ER internally and the PM establishes 

their external limits, and these membranes and their composition are essential for PD 

structure and function133–135. PD can be viewed as specialized ER-PM contact sites96. 

Endocytosis is important for regulating PD function, especially in connection with virus 

infection136,137. SA negatively regulates clathrin-mediated endocytosis in plants138,139, 

and we therefore predict that changes in endocytosis will occur with SA treatments. In 

plants, members of the SYNAPTOTAGMIN (SYT) family act as ER-PM tethers137, and 

some SYTs protein localize near PD140. SYT proteins have been found to be important 

for virus infection137,141,142. We hypothesize that ER-PM contact sites could serve as 

sites for new PD formation or modification in response to SA treatment.  

One could therefore investigate how endocytosis and ER-PM contact sites are 

involved in SA-mediated effects on PD. We expect the coordination of the ER-PM 

contact sites, endocytosis, and cell wall modification to maintain the architecture and 

conductivity of PD.  The effects of SA on endocytosis can be probed by using confocal 

and super resolution microscopy to measure endocytosis in plant cells in the absence or 

presence of SA. The rates of endocytosis in untreated cells will be measured using the 

dye FM4-64 to label the plasma membrane and endocytic vesicles. Although other 
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probes are now used to measure endocytosis in yeast and mammalian systems, FM4-

64 is still a common marker for endocytosis in plants143. N. benthamiana leaves will be 

treated with SA or vehicle control for the length of time and concentrations determined 

in Chapter 3. If reduced rates of endocytosis are observed in tissues treated with SA 

concentrations or durations that reduce intercellular trafficking and secondary PD 

formation, this will support the hypothesis that endocytosis is required for PD formation. 

If reduced rates of endocytosis are observed when either PD function or formation alone 

is disturbed, then the role of SA in regulating PD trafficking will be further clarified.   

In plants, fluorescently tagged SYT proteins serve as markers for ER-PM contact 

sites144. To investigate the dynamics of ER-PM contact sites we could treat plants with 

SA as previously described, and image the number of SYT foci per unit of cell wall. 

PDLP1-RFP will be used as a PD marker to colocalize PD and ER-PM contact sites in 

these studies. We expect that changes in PD formation caused by SA may be observed 

as changes in the number and distribution of ER-PM contact sites.  
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CHAPTER 5 

 MATERIALS AND METHODS 
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5:1 Plant growth conditions and transfection  

Nicotiana benthamiana seeds were germinated in Professional Growing Mix soil 

(Jolly Gardener PRO-LINE Custom Growing Mix) for 7-10 days before transplanting to 

individual pots (15x11x12.2 cm). Plants were grown on light carts under long day 

conditions with 16 hours light and 8 hours dark (120 µmol m-2 s-1) at 25 degrees 

Celsius. Miracle Gro All-purpose Plant Food fertilizer was applied 10-13 days post 

germination (3 days after transplanting). N. benthamiana at 4-5 weeks old were used for 

transfections. Agrobacterium tumefaciens strain GV3101145 (Koncz et al. 1968) was 

grown on LB agar plants supplemented with 50µg/mL gentamycin, 50µg/mL rifampicin 

and either 50µg/mL spectinomycin (for PDLP1-GFP) or 50µg/mL kanamycin (for XM82). 

Single colonies were used to inoculate liquid LB medium, and the cultures were 

incubated for 48 hours on a 28oC shaking incubator. A. tumefaciens cultures were 

collected by centrifugation at 3,000 x g for 10 minutes and pellets were resuspended in 

infiltration medium (10 mM MgCl2, 10mM MES-NaOH, pH 5.7 and 200 µM 

acetosyringone). The optical density of the resuspended cultures was measured by 

spectrophotometry (absorbance at 600 nm light; OD600). The cultures were then diluted 

with infiltration solution to OD600 = 0.0001 (for XM82) and OD600 = 0.001 (for PDLP1-

GFP). Diluted cultures were placed in a slow shaker for approximately 2-3 hours while 

the acetosyringone activated the expression of virulence genes. Transfection was 

performed by agroinfiltration of N. benthamiana plants as previously described71 

(Brunkard et al. 2015). The adaxial side of the leaf was infiltrated with a needless 
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syringe until the infiltration solution spread across the leaf. After infiltration, plants were 

placed on the light until imaging.  

5:2 Method optimization: Callose quantification and salicylic acid treatment 

experiments  

N. benthamiana leaves were infiltrated with 0.05 mM salicylic acid to induce 

callose formation. An entire cut leaf was submerged in a 500 mL polypropylene jar 

containing 95-96% ethanol to bleach the tissue. The petiole was held with forceps to 

avoid mechanical damage to the leaf. The jar was sealed and incubated at room 

temperature on a shaker at 30-40 rpm for at least 5 hours. The ethanol solution was 

changed to speed up the bleaching after 2 hours incubation. Incubation was continued 

until the leaves were completely or nearly completely bleached, but less than 6 hours, 

since plasmolysis occurs at this point, and the resulting separation of the plasma 

membrane and cell wall make pitfield identification difficult. Bleached leaves were 

removed by gently holding by the petiole to avoid breaking the leaf and were placed in a 

petri dish and cut into 5 mm wide strips with a razor blade. The cut strips were 

rehydrated in double distilled water (DDW) with 0.01% Tween-20 and incubated at room 

temperature for 1 hour on a shaker at 30-40 rpm.  The tissues were then transferred to 

a small petri dish filled with 1/3 (v/v) of 1% aniline blue in 0.01 M K3PO4, pH 12 buffer. 

The unlidded petri dish was placed in a house vacuum desiccator and vacuum applied 

for approximately 10 minutes followed by slow release of pressure. The petri dish was 

covered with foil before shaking at room temperature for 2 hours at 30-40 rpm. No de-

staining was necessary. The samples were then imaged by confocal microscopy. 
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5:3 Confocal microscopy for aniline blue staining experiment 

A Leica SP8 laser scanning confocal microscope (Leica, Whetzlar, Germany) was used 

to imaged callose deposits from the abaxial side of N. benthamiana leaf tissues using a 

40x, 1.10 numerical aperture water immersion objective (HC PL APO CS2 40x/1.10 

WATER). Aniline blue was excited with a 405 nm laser, and emission was captured 

from 415 nm-525 nm. Z-stacks were collected from multiple regions of interest (ROI) 

(approximately 23-25 ROIs per leaf) 

Scanning parameters and Acquisition settings 

Frame scanning mode: XYZ 

Frame size: 1024 x 1024 

Zoom factor: 5 

Line average: 1 

Pixel depth: 8 bit 

Scan speed: 400 Hz 

To observe as many PD as possible, the pinhole aperture was initially set to open. 

Laser intensity and gain were adjusted to optimize the plasmodesmata fluorescence 

against the background signal, while being careful to avoid oversaturation of callose 

sites. Saturation of the stomata was permitted. Z-stacks for 23-25 ROIs were captured 

for each replicate using the same image acquisition settings.  

5:4 ImageJ analyses for pitfields distribution 

For image analysis, the raw files were converted into max intensity Z-projections in 

ImageJ 1.53t107,129,146. Images were converted into 8-bit grayscale, inverted, and 
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threshold adjusted to produce a binary image which reduced background noise and 

identified pixels of pitfields. Connected components in a binary image were separated 

by watershed separation. A built-in automatic particle analysis was performed to obtain 

information on PD-associated callose particles. Pitfields per 100 µm2 cell wall were 

calculated using Microsoft Excel. Refer to Chapter 2 for more details as the entire 

chapter analysis focuses entirely on image analysis for callose-associated pitfields 

distribution.  

5:5 Statistical analyses for pitfields distribution 

Interquartile analysis was done in Excel by using the interquartile range method to 

remove outliers. Data were analyzed using GraphPad Prism 9 (version 9.5.0) and 

presented as Box & Whiskers plots with all pitfields values. Plots display the middle line 

representing the median, 1-4 quartiles with the minimum and maximum values within 

the interquartile range. Pitfields per 100 µm2 cell wall were normalized to untreated 

control. An unequal variances Welch’s t-test was conducted for each plot. 

5:6 CalloseQuant and quantification for pitfields distribution 

Semi-automated quantification of pitfields was performed using the calloseQuant plugin 

developed by Hung and coworkers (Huang et al. 2022).  Images captured using 

confocal microscopy were first auto-scaled and converted into .tiff format using FIJI 

ImageJ108. Depending on the nature of the confocal micrograph, the peak prominence 

value ranges were between 25-45 µm, and the measurement radius was maintained at 

5.5 for Method A. For method B, the rolling ball radius range was used with 6-8 pixels, 
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and the mean filter radius was kept at 2 pixels. The images were thresholded using 

Bremsen’s technique at a radius of 50. To avoid programming errors inherent in Method 

B, the thresholded particles were manually analyzed at a micron size of 0.02-infinity and 

with a circularity range of 0.00-1.00. All the data collected were manually checked for 

the elimination of signals and data points outside of the region of interest (ROI). 

5:7 RNA extraction and cDNA synthesis for quantitative polymerase chain 

reaction (qPCR) 

Wild type or treated N. benthamiana tissues were collected and frozen in liquid nitrogen. 

A QIAprep® Spin Miniprep Kit (QIAGEN, cat. Nas 27104 and 27106) was used to 

collect RNA from three biologically independent samples according to the 

manufacturer’s protocol. DNAase-free DNA removal kit (Invitrogen, Carlsbad, CA) was 

used to digest genomic DNA. cDNA was synthesized using M-MLV reverse 

transcriptase and the oligo-dT primers in accordance with the manufacturer’s protocol, 

(Promega, Madison, WI). The manufacturer’s protocol was used for first strand cDNA 

synthesis, which was then used for quantitative-PCR. 

cDNA obtained from SA-treated and untreated control plants were diluted to 1:5 with 

nuclease-free water. qPCR was performed using a commercial SYBR Green master 

mix on a 364 well format LightCycler 480 real-time PCR system (Roche, IN, USA) with 

the following thermal cycling settling:  

Step 1: 95 °C for 10 minutes 

Step 2: 40 cycles of 95 °C for 10 seconds 

Step 3: 59 °C for 10 seconds 
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Step 4: 72 °C for 20 seconds.  

Raw qPCR data was used to analyze the cycle threshold values and normalized to the 

expression of EF1 alpha as a reference gene along with the untreated control74.  

5:8 Measuring the effects of SA: Movement assay to measure intercellular 

trafficking via plasmodesmata 

To measure intercellular trafficking via plasmodesmata, movement assays were 

performed as described in chapter 3. A low inoculum of A. tumefaciens cells 

(OD600=0.0001) carrying a plasmid for expression of plant-optimized monomeric GFP 

was infiltrated into N. benthamiana leaves with needleless syringes so that individual 

epidermal cells would be transformed to express monomeric GFP. 24 hours after 

infiltrating A. tumefaciens, 50 µM and 100 µM salicylic acid (SA) were infiltrated into 

different locations within the same leaves, and then plants were placed on light cart for 

another 24 hours. The spread of GFP to neighboring epidermal cells was quantified 48 

hours after infiltration of A. tumefaciens (and 24 hours after infiltration of SA). This 

procedure was repeated for the other SA treatment times (12 hours, 4 hours and 1 

hour), but the SA infiltration time was adjusted for each such that analysis occurred 48 

hours after agrobacterial infiltration for all treatments. Z-stacks of GFP foci were 

collected by confocal fluorescence microscopy on the Leica SP8-X instrument with a 

20x objective. Z-stacks were reconstructed and processed in ImageJ. To quantify the 

movement, the number of layers of cells in the epidermis surrounding the transformed 

cell were scored with the highest movement layer recorded. Movement assays were 

performed for at least 3-4 biological replicates. Each replicate included at least 40 foci. 
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Statistical significance between treated and untreated samples was determined using 

the Mann Whitney U test (p<0.05) compared. 

5:9 Measuring PD density using PDLP-GFP expression  

To measure pitfield density along the cell wall, N. benthamiana PDLP1-GFP was 

transiently expressed in the leaves of untreated and SA treated leaves. A. tumefaciens 

infiltration was performed as previously described using an OD600 =0.001. Following 

agroinfiltration, SA was infiltrated at different timepoints. For instance, 12 hours of SA 

treatment corresponded to SA infiltration 60 hours after agroinfiltration. Images were 

collected at 72 hours after infiltrations with a Lecia SP8-X confocal microscope with 

white light laser using a 25x water immersion objective and 4x zoom setting. The same 

laser power and gain settings were used to collect 15 µm z-stacks of epidermal cells 

expressing PDLP-GFP at a step size of 1 µm. A total of approximately 68-70 stacks 

were collected across three biological replicates for the control and treatment plants.  

5:10 Image analysis using ImageJ for measuring pitfield distribution.  

The total number of GFP puncta (pitfields) in each image were collected using the 

maximum intensity projection for each z-stack. Images were converted into 8-bit images 

and inverted. Thresholding was performed on the binary images to adjust the threshold 

of intensity. The total number of pitfields were collected using the particle analyzer 

function on Image J which counts the total number of GFP punctate. Cell wall lengths 

were measured by tracing the cell wall in the region of interest. The total number of PD 

within each region of interest was calculated as the following: Pitfields/unit area 
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(Pitfields/100 µm2 cell wall). Statistical significance was determined by the Welch’s t-test 

(p<0.0001). 

5:12 Transmission electron microscopy of N. benthamiana leaf tissues 

N. benthamina plants were grown in 16 hours of light and 8 hours of darkness at 25 °C. 

SA-treated and untreated control tissues were collected at the different treatment time 

points (1hr, 4hrs, and 12 hrs). Tissues were then subjected to high-pressure freezing 

and freeze substitution with OsO4 following the protocol from Burch-Smith and 

Zambryski, 2010 for TEM sample preparation12.  

5:13 High pressure Freezing and Freeze substitution. 

High pressure freezing was performed using a Leica EM ICE high pressure freezer and 

a Leica EM AFS2-FSP, located at the Danforth Center microscopy core facility, and 

used for automated freeze substitution for sample preparation, along with Thermo 

Scientific Talos L120C G2 with a Ceta 16M 4k x 4k CMOS camera for TEM.  

Freeze substitution was performed by using 3 mL from a 100 mL acetone bottle and 

combining with 3mL water, and stored in –80 °C. Two ampules of 1 g OsO4 was added 

to the acetone bottle and stored in –80 °C. 5 mL of 2% uranyl acetate (Uac) in methanol 

(0.1 g Uac in 5 mL methanol) was dissolved and chilled in –80 °C and added to the 

substitution fluid (2% OsO4 + 3% H2O + 0.1% Uac in acetone). The substitution fluid 

was stored in –80 °C. 
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5:12 Chemical Fixation 

The procedure for chemical fixation requires 9 days. To ensure this procedure is clear to 

the reader, the procedure is broken down into actions performed on each individual day, 

which includes both the actions and reagents used.  

Step 1: Day 1  

Approximately 5 mm of leaf samples were collected and placed in the primary fixative 

solution (2% paraformaldehyde + 2% glutaraldehyde + 0.01% Tween20 + 0.05% 

Malachite green in 0.1 M sodium cacodylate buffer; Table XX). Vacuum infiltration of 

samples with fixative was performed for 30 mins before gentle agitation on a shaker for 

two hours. Samples were then exchanged with secondary fixation buffer (2% 

paraformaldehyde + 2% glutaraldehyde in Sodium cacodylate buffer; Table 1) and 

incubated overnight at 4 °C. 

Step 2: Day 2  

The leaf pieces were transferred into vials filled with 0.1 M sodium cacodylate buffer. 

Samples were washed in 0.1 M sodium cacodylate Buffer 4x (changed every 10 

min).  Next, 2 mL of Postfix in 2% Osmium tetroxide was added to each vial and 

incubated for 4 hours on the shaker at room temperature. The leaf samples in vials 

were rinsed with water three times, for 10 minutes each. En bloc staining was used for 

TEM imaging to view thin sections without additional post staining. One mL of 1% 

aqueous uranyl acetate was added to vials and placed at 4°C overnight to en bloc 

uranyl acetate.  
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Table 1 

Stock Final 
concentration 

Volume needed (Vt=40 mL) 

16% Paraformaldehyde 

aqueous 

2% 5 mL 

8% Glutaraldehyde aqueous 2% 10 mL 

1% Tween-20 0.01% 0.4 mL 

1% Malachite green 0.05% 2 mL 

0.2 M Sodium cacodylate buffer 0.1 M 20 mL 

Water - 2.6 mL 

16% Paraformaldehyde 

aqueous 

2% 5 mL 

8% Glutaraldehyde aqueous 2% 10 mL 

0.2 M Sodium cacodylate buffer 0.1 M 20 mL 

Water - 5 mL 
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Step 3: Day 3  

Note: Transferred freeze substituted samples from –80°C to -20°C  

Samples were incubated in uranyl acetate (described above) at 50°C for 2 hours. The 

sample temperature was then lowered to room temperature, and this 50°C to room 

temperature cycling was repeated three times. Samples were then rinsed with water 

three times for 15 mins each.   

En bloc lead  

0.04 g L-aspartic acid (Sigma A-8949) was dissolved in 10 ml water and warmed up to 

60°C in solution. 0.066 g lead nitrate (Aldrich 203580-10G) was added and adjusted to 

a pH of 5.5 using 350 µl of 1 M sodium hydroxide. The solution was maintained at 60°C 

prior to staining. Lead aspartate was added and placed in the oven at 50°C for 2 hrs 

and then cooled down to room temperature. Samples were rinsed three times with 15 

mins incubation.   

Dehydration steps  

Dehydration was performed as below in room temperature with slow agitation on the 

shaker:    

25% cold acetone 30 min 

50% cold acetone 30 min 

75% cold acetone 30 mins 

Incubate overnight with fresh 75% cold acetone at room temperature on the shaker. 
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Figure 22:  Fixed samples for TEM images 

A disk of filter paper was added on top to keep the leaf pieces submerged as imaged 

above. 
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Day 4:  

Place freeze substituted samples in 4°C in the morning, then perform the following 

washes: 

95% cold acetone 30 min 

100% cold acetone 30 min 

100% cold acetone 30 min 

Rinse freeze-substituted samples in acetone ~4 times. They will be processed together 

with the chemically fixed samples from now on.  

Propylene oxide treatment  

100% propylene oxide was added and incubated for 30 mins on the shaker at 50 rpm. 

Repeated two times and each time make sure caps are tightened. A lid of a pipette tips 

box was used to keep the vials standing.  

Note: This step is carcinogenic and volatile. Double gloves and long sleeves/lab coat 

were used. Experiment work was done in the fume hood with sash lowered; the 

required amount was carefully poured into a small beaker and used a glass pipette to 

transfer.  

Infiltration with propylene oxide + quetol (without DMP30)  

3:1 Propylene oxide: quetol incubated overnight at room temperature on shaker, 50 

rpm.  

Day 5: 

Sample were replaced with 2:1 propylene oxide:quetol in the morning and 1:1  
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propylene oxide:quetol in the afternoon and then incubated over the weekend on 

shaker. 

Day 6 

Samples were replaced with 1:2 propylene oxide:quetol (fresh quetol) in the morning 

and 1:3 propylene oxide: quetol in the afternoon and incubated overnight on shaker. 

Day 7:  

Samples were replaced with 100% quetol w/o DMP30 in the morning. Mojst of 

the quetol was removed and the vials were left in the hood without lids for 2 hours to air 

dry. 100% quetol w/o DMP30 was added to vials in afternoon and then incubated 

overnight on shaker.  

Day 8:  

Vials solutions were replaced with 100% quetol+DMP30 in the morning and replaced 

with 100% quetol+DMP30 in the afternoon. Samples were incubated overnight at room 

temperature.  

Day 9: 

Samples were exchanged with 100% quetol+DMP30 (fresh batch of quetol) in the 

morning and then proceeded to embed at midday. Samples were placed in the oven at 

50°C for 48 hours.  

Blocks sample preparation before TEM 

Blocks were trimmed with an ultra-microtome, at the Danforth Center, to expose plant 

tissue. This provided a smooth surface area for imaging using TEM. 
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A version of this chapter was originally published by Amie F. Sankoh and T. M. Burch-
Smith. 
 
Sankoh, Amie F., and Tessa M. Burch-Smith. "Approaches for investigating plasmodesmata 

and effective communication." Current opinion in plant biology 64 (2021): 102143. 

Abstract 

Plasmodesmata are integral plant cell wall components that provide routes for 

intercellular communication, signaling and resource sharing. They are therefore 

essential for plant growth and survival. Much effort has been put forth to understand 

how PD are generated and their structure is refined for function, and to determine how 

they regulate intercellular trafficking. This review provides an overview of some of the 

approaches that have been used to study PD structure and function, highlighting those 

that may be more widely adopted to address questions of PD cell biology and function. 

Additionally, we address communication in the research lab, focusing on challenges 

faced by our deaf/hard-of-hearing colleagues and how we can improve communication 

with them. 

The importance of communication for a diverse scientific workforce 

 In our lab, our interest in communication extends beyond that mediated by PD. 

One of the authors of this review is a Deaf scientist and our lab frequently engages 

other early career deaf and hard- of hearing individuals in our research. Similar to how 

diversity enriches an eco-system with species capable of using different resources and 

thriving in different microenvironments, science also benefits from the full range of 

perspectives present in our population. Deaf and hard-of- hearing (d/hh) individuals are 

part of the diverse views that can strengthen our science community. Careers in STEM 
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provide a route for improved economic outcomes for the d/hh, as d/hh individuals in 

STEM careers with bachelor’s degrees earn twice more than those without degrees147. 

People learn in lots of diverse ways; Deaf people preferably learn everything 

visually. Often their visual attention is divided between a teacher, an interpreter, and a 

visual such as a slide or video. One of the biggest challenges encountered when 

training Deaf scientists is communication, and careful, effective communication is a 

major benefit for everyone. American Sign Language (ASL) is the preferred medium for 

communication for many d/hh persons, however, there is an absence of signs for many 

terms used in science. One striking example is the term ‘culture’. The ASL sign for 

culture incorporates the sociological and historical aspects of the noun, while in the lab 

‘culture’ is used to refer to growth under lab conditions. Another frequent challenge we 

have encountered is a vague hesitance to accommodate the use of ASL and ASL 

interpreters at scientific forums; a frequent assumption being that there are 

technological solutions that are equally effective and cheaper. Our experience is that 

closed captioning and even transcription by a human often fails to correctly caption 

scientific terms and contexts, resulting in nonsensical outputs like “the oxen levels in 

plants”! Happily, though most colleagues are willing to be flexible and make necessary 

accommodations as appropriate once they are made aware of the challenges facing 

d/hh scientists. In the same way we strive to develop and deploy effective means for 

understanding PD and intercellular trafficking in plants, we are endeavoring to develop 

effective approaches for communication with our d/hh colleagues in research since 

communication between scientists is as important as between plant cells. We are 
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hopeful that d/hh will one day be fully integrated into the research community as we 

become more cognizant of their needs. 
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APPENDIX 2 

Chloroplast-to-nucleus retrograde signaling controls intercellular 

trafficking via plasmodesmata formation 
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A version of this chapter was originally published by Ganusova, Elena E., Brandon C. 

Reagan, Jessica C. Fernandez, Mohammad F. Azim, Amie F. Sankoh, Kyle M. 

Freeman, Tyra N. McCray, Kelsey Patterson, Chinkee Kim, and Tessa M. Burch-Smith. 

  
Ganusova, Elena E., et al. "Chloroplast-to-nucleus retrograde signalling controls 

intercellular trafficking via plasmodesmata formation." Philosophical Transactions of the 

Royal Society B 375.1801 (2020): 20190408. 

 

Abstract 

The signalling pathways that regulate intercellular trafficking via plasmodesmata 

(PD) remain largely unknown. Analyses of mutants with defects in intercellular 

trafficking led to the hypothesis that chloroplasts are important for controlling PD, 

probably by retrograde signalling to the nucleus to regulate expression of genes that 

influence PD formation and function, an idea encapsulated in the organelle-nucleus-PD 

signalling (ONPS) hypothesis. ONPS is supported by findings that point to chloroplast 

redox state as also modulating PD. Here, we have attempted to further elucidate details 

of ONPS. Through reverse genetics, expression of select nucleus-encoded genes with 

known or predicted roles in chloroplast gene expression was knocked down, and the 

effects on intercellular trafficking were then assessed. Silencing most genes resulted in 

chlorosis, and the expression of several photosynthesis and tetrapyrrole biosynthesis 

associated nuclear genes was repressed in all silenced plants. PD-mediated 

intercellular trafficking was changed in the silenced plants, consistent with predictions of 

the ONPS hypothesis. One striking observation, best exemplified by silencing the 

PNPase homologues, was that the degree of chlorosis of silenced leaves was not 

correlated with the capacity for intercellular trafficking. Finally, we measured the 
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distribution of PD in silenced leaves and found that inter-cellular trafficking was 

positively correlated with the numbers of PD. Together, these results not only provide 

further support for ONPS but also point to a genetic mechanism for PD formation, 

clarifying a longstanding question about PD and intercellular trafficking. This article is 

part of the theme issue ‘Retrograde signaling from endosymbiotic organelles. 

Introduction 

Cell-to-cell communication in plants occurs via microscopic but complex pores 

known as plasmodesmata (PD). PD are membrane-lined cytoplasmic passages that 

allow movement of metabolites and signaling molecules between neighboring plant 

cells. They are, therefore, essential for plant growth, development and defense [1]. They 

are also conduits for the trafficking of carbon fixed by photosynthesis (in the form of 

sugars) to the vasculature in source tissues and from the vasculature into sink tissues, 

thereby facilitating energy distribution throughout the plant [2,3]. The relatively small 

number of reported PD mutants underscores the importance of PD to plant growth and 

development. Plants have evolved a number of mechanisms to control PD function 

including the regulated deposition and removal of callose in the cell wall surrounding PD 

[4–7]. PD function also changes in response to plant hormones upon abiotic and biotic 

signals from the environment and to developmental programmes [8,9]. Besides callose 

metabolism and hormones, there is increasing evidence supporting the postulate that 

chloroplasts exert control over the development and function of PD. 

Nuclear genes encode approximately 95% of chloroplast proteins, with the 

remainder encoded by the chloroplast genome. Disrupting chloroplast function leads to 
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changes in expression of specific nuclear genes. This chloroplast-to-nucleus signaling is 

referred to as chloroplast retrograde signaling (CRS), [10].  Several CRS pathways and 

the molecules that initiate them have been identified, and the mechanistic details are 

under intensive investigation[11–15]. Gene expression analyses have identified a core 

suite of 39 genes that respond to all chloroplast-generated signals [16]. This suite 

includes genes that affect cell wall synthesis and/or modification, sugar transport, stress 

responses, and reactive oxygen species (ROS) responses. This indicates that 

chloroplast functional status can regulate the expression of nuclear genes including, but 

not limited to, photosynthesis-associated nuclear genes [17]. Several CRS pathways 

have been identified, and among the best characterized are those involving the 

genomes uncoupled (gun) mutants [15,18]. The gun2,3,4,5 and 6 mutations affect 

proteins that participate in the tetrapyrrole biosynthetic pathway that eventually 

produces chlorophyll and haem [18]. GUN4 and GUN5 are part of the Mg chelatase that 

couples Mg to tetrapyrroles on the chlorophyll branch of the pathway [19–22]. GUN2, 

GUN3 and GUN6 belong to the pathway that couples protoporphyrin IX to iron, 

eventually producing haem and phytochromobilin [18]. 

Studies with the chloroplast-resident RNA helicase ISE2have served as an entry 

point to further probing the chloroplast-PD relationship. ISE2 is a chloroplast DEAH-type 

RNA helicase critical for chloroplast RNA processing and translation, and it is conserved 

among green photosynthetic organisms [23,24]. Plants with reducedISE2expression 

have decreased photosynthetic capacity and defects in chloroplast development [25]. In 

addition, Arabidopsis ise2 mutant embryos and Nicotiana benthamiana leaves in which 
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ISE2was silenced by virus induced gene silencing (VIGS) had defects in intercellular 

trafficking and PD formation [26,27]. Deficiency in ISE2 expression also led to changes 

in the expression of target genes of CRS pathways as well as changes in the 

expression of several genes implicated in PD function, e.g., callose metabolism genes 

like ATBG-PPAP, and numerous genes with roles in cell wall biosynthesis or 

modification [25]. Based on these gene expression analyses, a relationship between 

chloroplasts and PD was proposed and articulated in the organelle-nucleus-PD 

signaling (ONPS) hypothesis [25,28]. One predicted consequence of ONPS is that it 

would be a mechanism by which chloroplasts could regulate carbon partitioning. 

The signals that connect chloroplasts with PD function and biogenesis remain to 

be elucidated and this is the question investigated in this study. One challenge with 

examining this question is the embryonic or seedling lethality of mutants with defects in 

chloroplast and/or PD function [29,30]. Therefore, we adopted N. benthamiana and 

VIGS as a model system for assessing theacuteeffectsofchloroplastdysfunctiononPD-

mediatedintercellular trafficking. Expression of several genes with known roles in 

regulating chloroplast gene expression was knocked down and intercellular trafficking 

was then measured in the silenced leaves. CRS was then assessed in plants with 

altered intercellular trafficking. Finally, we measured the effects of CRS resulting from 

the silencing of the target genes on PD formation. Here, we present data suggesting 

that intercellular trafficking is correlated with numbers of plasmodesmal pores. We 

interpret these results to mean that CRS exerts influence on intercellular trafficking by 

controlling the formation of PD. 
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Material and methods 

(a) Plant material and growth conditions 

Nicotiana benthamiana plants were grown in light carts with 16 h light (approx. 

120 μmol m−2s−1) and 8 h dark. Silencing was done on 3-week-old plants (around the 

time 2–4 true leaves were present).  After infiltration with silencing constructs, plants 

were grown on the light cart for an additional two weeks until silencing of PHYTOENE 

DESATURASE (PDS), the positive control, could be observed and other analyses were 

per-formed. Photographs of plants were taken with a Nikon D60 camera (Nikon, Inc.). 

(b) RNA extraction and complementary DNA synthesis 

Wild-type or silenced N. benthamiana tissue was collected and snap frozen in 

liquid nitrogen. RNA from three independent samples was isolated using the Trizol 

method (Thermo Fisher Scientific, Waltham, MA) according to manufacturer's 

instructions. RNA was DNAse treated using the DNA-free DNA removal kit (Invitrogen, 

Carlsbad, CA). Complementary DNA (cDNA) was synthesized using oligo-dT primers 

with M-MLV reverse transcriptase (Promega, Madison, WI) according to the 

manufacturer's instructions. cDNA was used for gene cloning or quantitative-

polymerase chain reaction (qPCR). 

(c) Gene cloning and generation of recombinant virus induced gene silencing 

vectors 

Nicotiana benthamiana gene sequences were obtained from the Sol Genomics 

Network Database (https://solgenomics.net) or the University of Sydney's N. 
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benthamiana genome page (http://benthgenome.qut.edu.au/). Gene fragments were 

cloned by PCR and inserted into the multiple cloning site of pYL156 (pTRV-RNA2) 

vector [31] by restriction digestion–ligation to generate silencing constructs. The primers 

for cloning VIGS fragments are listed in the electronic supplementary material, table S1. 

The resulting plasmids were transformed into chemically competent Agrobacterium 

tumefaciens strain GV3101. Infiltrations for VIGS were done according to published 

protocols [32]. 

(d) Carotenoid and chlorophyll determination 

Total carotenoids x + c (xanthophylls and carotenes), chlorophyll a and b were 

extracted with 100% acetone. The extracts were centrifuged at room temperature for 5 

min at 500g and supernatants were used to measure the absorption at 661.6 nm, 644.8 

nm and 470 nm. The level of total carotenoids x + c, chlorophyll a and b were 

determined following the equation in [33]. 

(e) Measuring intercellular trafficking by movement assay 

Movement assays to measure intercellular trafficking were performed as 

described previously [34]. Briefly, silenced leaves were infiltrated with Agrobacterium 

carrying a binary construct for expression of green fluorescent protein (GFP) (p35S: 

GFP) at optical density (OD)600 = 0.0001, and then imaged approximately 48 h later. z-

stacks of foci of GFP were collected on a Leica SP8 confocal microscope with a White 

Light Laser (Leica Microsystems, Buffalo Groove, IL) with a 10× lens and z-stacks were 

reconstructed and analyzed in ImageJ [35,36]. For analysis of movement, the number of 
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layers of cells in the epidermis surrounding the original cell expressing GFP was scored, 

and the highest number was recorded. Movement assays were performed for at least 

three biological replicates and each replicate included at least 10 foci. Statistical 

significance was measured with the Mann–Whitney U test (p < 0.05) compared to non-

silenced wild-type + tobacco rattle virus (WT+TRV) samples. 

(f) Optimization of primers and measuring transcript abundance by quantitative-

polymerase chain reaction 

All qPCR primers were designed using the Primer BLAST tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Mfold ([37], web server 

http://www.bioinfo.rpi.edu/applications/mfold/) was used to avoid secondary structures 

in the amplicons. To optimize the qPCR primers, the full-length target genes were 

amplified from cDNA of wild-type N. benthamiana (electronic supplementary material, 

table S2) and then cloned into the linearized pMiniT 2.0 vector using a NEB PCR 

Cloning kit (NEB, Ipswich, MA) followed by transformation of competent Escherichia 

coli. Plasmids were isolated using miniprep kit (QIAGEN, Germantown, MD) followed by 

sequencing for confirmation of successful cloning. CFX Manager software (Bio-Rad, v. 

1.6) was used to generate a standard curve to calculate amplification efficiency from 

five dilution points of isolated plasmid for three technical replicates. Primer pairs with 

efficiency between 90 and 110% were selected for further use.  

To measure the expression of photosynthesis associated nuclear genes and 

other genes in silenced plants, cDNA from silenced leaves was diluted 1: 5 with 

nuclease-free water. qPCR was performed using the LightCycler 480 SYBR Green I 
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Master Mix and a LightCycler 480 Real-Time PCR system (Roche, Indianapolis, IN, 

USA) with the following thermal cycling programme: 95°C for 10 min followed by 40 

cycles of 95°C for 10 s, 59°C for 10 s and 72°C for 20 s. The raw data generated were 

analyzed by calculating cycle threshold values and normalized to the expression of 

GAPDH and EF1α as reference genes and also with wild-type. 

(g) Measuring plasmodesmata density 

(i) PDLP1 expression for measuring pitfield distribution 

Arabidopsis PDLP1 fused to GFP (p35S:PDLP1-GFP) was transiently expressed in 

leaves of silenced and non-silenced control N. benthamiana plants via Agrobacterium 

infiltration at OD600 = 0.001. Images were collected 72 h post infiltration with a Leica 

SP8 confocal microscope with a White Light Laser (Leica Microsystems, Buffalo 

Groove, IL, USA) using a 25× water emersion objective with 4.00× optical zoom. All 

images were collected with the same laser power and gain settings, and 15 µm z-stacks 

were collected of epidermal cells expressing PDLP1-GFP at a step-size of 1 µm. A total 

of 60 stacks were collected across three biological replicates for the control and each of 

the silenced plants. 

(ii) Image analysis for measuring pitfield distribution 

All image analysis was performed using ImageJ. Maximum intensity projections 

were generated for each the z-stacks collected. Cell wall lengths were measured by 

tracing the cell wall in the field of view. For quantification of the total number of GFP 

punctae in the image, images were converted to 8-bit images and inverted. The 
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brightness and contrast were adjusted in order to ensure that all pitfields were clearly 

defined. Binary images were generated by adjusting the threshold of intensity. The 

Particle Analyzer function in ImageJ was used to count the total number of punctae in 

the image. For measuring pitfield area and fluorescence intensity, a copy of the inverted 

8-bit maximum projection was generated to use as a reference image for 

measurements. A binary image was generated from the original maximum projection by 

setting the threshold using the auto-threshold function. The particle analyser was used 

to measure the area and the integrated density (IntDen, i.e. the average intensity of all 

the pixels x the area) of each GFP punctum in the unedited reference image for the 

regions defined in the binary image. 

(iii) Quantifying the plasmodesmata density score 

To assess the total number of PD within each field of view, the following calculation was 

performed: 

PD density score = pitfield density × average integrated density 

This measure generates a single value that accounts for differences in number of 

PDLP1-GFP punctae, their size, and their fluorescence intensity. Statistical significance 

was measured using the Mann–Whitney U-test (p < 0.0001) compared to non-silenced 

WT+TRV controls. 
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Results 

(a) Silencing genes for chloroplast gene expression produces varying degrees of 

chlorosis 

Reduced expression of the genes encoding the RNA helicase ISE2 or the plastid 

ribosomal protein uL15c led to increased intercellular trafficking via PD [27,38]. ISE2 

also interacted with numerous proteins involved in chloroplast gene expression [38]. In 

order to test whether chloroplast gene expression was broadly involved in ONPS and 

regulating PD, we silenced six genes encoding proteins found to interact with ISE2 or 

be important for expression of the plastid genome and then monitored intercellular 

trafficking via PD in silenced tissues. For this, we used VIGS with vectors derived from 

the TRV in N. benthamiana [31,39]. The silenced genes were those encoding RNA 

helicases RH22 [40], RH39 [41] or RH3 [42], a gene encoding a pentratricopeptide 

repeat (PPR) protein reported to be important for translation in maize plastids and found 

to interact with ISE2 (here called IPI1) [38,43], the RNA surveillance factor RNase J 

[44], and the RNA maturation and degradation factor PNPase [45]. In all experiments, 

wild-type plants infected with TRV but with no silencing were used as the negative 

control, and VIGS of PDS was used as a positive control for silencing. The inclusion of 

ISE2 in the silencing experiments also served as an internal control because the 

behaviour of ISE2-silenced plants has been well characterized. 

Silencing of the target genes was confirmed by quantitative real time-PCR and 

gene expression in all cases was reduced by at least 87% (electronic supplementary 

material, figure S1). Knockdown of RH22 expression produced plants that were almost 
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indistinguishable from the non-silenced WT+TRV control plants in both appearance and 

photosynthetic pigment content (figure 23a–b,k–m). Silencing RH39 caused mild 

chlorosis in newly emerged leaves (figure 23c,k–m) while silencing a single or both 

PNPase homologues led to more severe yellowing, similar to that observed with 

silencing ISE2 (figure 23d–f,k–m). Plants with reduced expression of RNaseJ, IPI1 or 

RH3 yielded severe chlorotic phenotypes and reduction in photosynthetic pigment 

contents that were similar to those observed in plants where PDS was silenced (figure 

23g–m). Despite chlorosis, the silenced plants continued to grow, and they eventually 

matured and set seed. 

(b) Intercellular trafficking changes in plants with defective chloroplast RNA 

processing 

Intercellular trafficking via PD was measured in silenced leaves. For this, we 

used movement of a GFP probe from a single cell into adjacent, contiguous layers of 

epidermal cells to report on PD function [27,34,46]. In this assay, GFP travels variable 

distances, generating foci of GFP of different sizes (figure 24a). Because of the inherent 

variation in the sizes of foci in any sample, movement data are presented in two 

ways. Figure 24b presents the complete distribution of foci sizes observed for a sample, 

while figure 24c presents a quantification of the average (median) size of foci for a given 

sample. In RH22-silenced leaves, there was no difference in the average size of foci 

compared to those observed in the non-silenced WT+TRV control leaves (figure 24c). In 

leaves where RH39, ISE2 or PNPaseA were silenced and chlorosis was more severe, 

there was an increase in the size of GFP foci and hence, intercellular trafficking  
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Figure 23: Phenotypes of silenced plants and their photosynthetic pigment 
content.  
(a–j) Representative leaves from silenced plants. Silenced gene is shown above figure. 

WT N. benthamiana infected with TRV virus only (a). (b–k) Plants with 

silenced RH22 (b), RH39 (c), ISE2 (d), PNPaseA (e), PNPaseA/B (f), RNaseJ (g), IPI1 (

h), RH3 (i), and PDS (j). Silencing of PDS results in severely chlorotic tissue. 

Chlorophyll a and b content of silenced plants (k,l), and total carotenoid content of 

silenced plants (m). Asterisk denotes statistical significance, Student's t-test p < 0.05. 
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(figure 24b,c). Strikingly, when RNAseJ, IPI1 or RH3 was silenced and leaves exhibited 

severe chlorosis (figure 23), there were large decreases in the size of GFP foci reflected 

in the increase in the proportion of foci that were restricted to one cell layer, indicating 

reduced intercellular trafficking (figure 24). Leaves in which both PNPase genes were 

silenced (TRV-PNPaseA/B) also showed a large decrease in GFP foci sizes, in striking 

contrast to the results from silencing only PNPaseA. It should be noted that there were 

no differences in the chlorosis or the photosynthetic pigment content between 

the PNPaseA or PNPaseA/B-silenced plants (figure 23). These data support previous 

observations that chloroplast function modulates intercellular trafficking. However, they 

also reveal a more complex relationship in which the degree of chloroplast (dys)function 

does not exclusively determine changes to intercellular trafficking. 

(c) Chloroplast retrograde signalling is triggered in plants with defective 
chloroplast gene expression 

ONPS predicts that CRS is a likely mechanism for regulating PD function [25]. To 

explicitly test this hypothesis, the expression of marker genes known to respond to CRS 

was measured in silenced plants with altered PD-mediated intercellular trafficking. 

GOLDEN2-LIKE1 (GLK1) is a transcription factor that is important for chloroplast 

development [47] and GLK1 expression is suppressed when CRS is activated [48]. We, 

therefore, first measured GLK1 transcript levels in silenced plants. In six of the eight 

silenced lines with defective intercellular trafficking, GLK1 transcript levels were reduced 

(figure 25). Next, Lhcb genes encoding the antennae proteins of the photosystem-

associated light-harvesting complexes and RBCS1A encoding one of the isoforms of 

the rubisco small subunit were selected as likely conserved targets of retrograde  



140 
 

Figure 24: Measurement of PD-mediated intercellular trafficking in silenced 
plants.  

PD-mediated trafficking was measured by counting the layers of epidermal cells to 

which GFP spread. At least 10 foci were scored for each of three biological replicates. 

(a) Representative images depicting GFP trafficking between contiguous layers of 

epidermal cells. The presence of GFP in cell nuclei was used to determine the presence 

of GFP in a cell. The cell labelled ‘0' showed expression of GFP in the primary 

transformed cell but no GFP was seen in surrounding epidermal layers. In the image 

labelled ‘1', GFP expression was observed in the primary transformed cell and in the 

nuclei of cells immediately adjacent to the transformed cell only. For subsequent 

images, the number below the image corresponds to the number of layers away from 

the primary transformed cell that showed GFP accumulation in the nucleus. Scale bar = 

100 µm. (b) Qualitative representation of GFP trafficking data showing the distribution of 

foci sizes observed for each silenced plant. (c) Layers were assigned values (0 layers = 

0, 1 layer = 1, 2 layers = 2, 3 layers = 3, greater than 3 layers = 4) and the median value 

is shown. Statistical significance was determined by the Mann–Whitney U-test. *p < 

0.05. 
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Figure 25: Silencing of genes involved in chloroplast gene expression results in 
altered expression of CRS target genes. 
Relative normalized expression of GLK1, LHCB1.2, LHCB2.1, RBCS1A and XTH5 of N. 

benthamiana in non-silenced TRV-infected controls (WT+TRV) versus (a) TRV-RH22, 

(b) TRV-RH39, (c) TRV-ISE2, (d) TRV-PNPaseA, (e) TRV-PNPaseA/B, (f) TRV-

RNaseJ, (g) TRV-IPI1, and (h) TRV-RH3 silenced plants. Expression was normalized 

against non-silenced TRV-infected controls and relative expression was calculated 

using GAPDH and EF1α as reference genes. Data represent mean (± s.e.) from three 

technical replicates of a representative biological replicate. Statistical analysis was 

performed by Student's t-test. *p < 0.05. (i) Heatmap showing expression levels of CRS 

marker genes (GLK1, LHCB1.2, LHCB2.1, RBCS1A and XTH5) in silenced plants. The 

rows represent CRS marker genes and the columns represent silenced genes. Scale is 

shown on right. 
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signaling in N. benthamiana. In most of the silenced lines, expression 

of Lhcb1.1 and Lhcb2.1 was suppressed, consistent with those tissues undergoing 

CRS. However, RBCS1A suppression of its expression was less common, with 

only RH22- or PNPaseA/B-silenced lines showing statistically significant reductions in 

expression (figure 25). This suggests that RBCS1A may not be responsive to CRS in N. 

benthamiana. Nonetheless, together these data demonstrate CRS occurring in silenced 

plants with altered PD-mediated intercellular trafficking. 

To further examine possible pathways for CRS that could be involved in ONPS, 

we also measured transcript levels of XYLOGLUCAN ENDOTRANSGLUCOSYLASE-

HYDROLASE5 (XTH5), a gene whose expression is regulated by the HY5 transcription 

factor [49]. The XTH family is a large group of enzymes involved in cell wall remodeling 

[50]. HY5 is an important regulator of chloroplast development, and it is emerging as an 

important hub for integrating chloroplast retrograde signals to control plant development 

[51]. In most silenced plants transcript levels of XTH5 were significantly different from 

those in the corresponding TRV-infected non-silenced controls (figure 3). This suggests 

that CRS modulated by HY5 may be involved in ONPS. However, no clear correlation 

between XTH5 expression and changes in PD-trafficking capacity were observed. 

While NbXTH5 expression was statistically significantly decreased in RH22- and RH39-

silenced plants that had increased intercellular trafficking, its expression was statistically 

significantly increased in ISE2- or PNPaseA–silenced plants which also had enhanced 

intercellular trafficking (figure 3). 
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(d) Tetrapyrrole biosynthesis genes have altered expression in silenced plants 

with changes in intercellular trafficking 

Tetrapyrrole biosynthesis and use is universal among photosynthesizing organisms, 

and tetrapyrrole metabolism is important for CRS [52]. We, therefore, examined the 

involvement of genes involved in tetrapyrrole biosynthesis with a focus on 

the GENOMES UNCOUPLED (GUN) genes, known components of retrograde 

signalling, and HEMA1, required for the first, rate-limiting step in tetrapyrrole 

biosynthesis in ONPS. While HEMA1 expression was altered in all of the silenced lines, 

no clear correlation with altered intercellular trafficking was observed. Similarly, 

expression of GUN2–5 was altered in all silenced plants compared to non-silenced 

controls (figure 26). GUN2 transcript levels were mostly unchanged in silenced plants 

except for a reduction in RH22-silenced plants and a small increase in RH39-silenced 

plants. In comparison, GUN3 transcript levels were significantly increased in all silenced 

lines except TRV-RH22. GUN2 (HO1) and GUN3 (HY2) both act in the haem branch of 

the tetrapyrrole pathway, suggesting that production of haemoproteins could be 

upregulated in those silenced lines with increased GUN3 expression. GUN4 encodes 

the regulatory subunit of the Mg-chelatase complex and GUN5 (CHLH) encodes the 

catalytic subunit of the complex [20]. Silencing of genes related to chloroplast gene 

expression led to repressed expression of GUN4. By contrast, GUN5 transcripts 

accumulated in all silenced lines except for TRV-IPI1. These results indicate that haem 

and tetrapyrrole metabolism is disrupted in silenced plants, consistent with the chlorosis 

of silenced leaves. Moreover, they demonstrate that tetrapyrrole biosynthesis genes  
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Figure 26: Silencing of genes involved in chloroplast gene expression results in 
changes in expression of genes of the tetrapyrrole biosynthesis pathway.  

qPCR analysis of expression of HEMA1, GUN2, 3, 4 and 5 in non-silenced TRV-

infected controls (WT+TRV) and (a) TRV-RH22, (b) TRV-RH39, (c) TRV-ISE2, (d) TRV-

PNPaseA, (e) TRV-PNPaseA/B, (f) TRV-RNaseJ, (g) TRV-IPI1, and (h) TRV-

RH3 silenced plants. GAPDH and EF1α were used as reference genes for calculating 

the relative expression and normalized with TRV infected wild-type (WT+TRV). The 

data are presented as the mean (±s.e.) from three technical replicates of a 

representative biological replicate. Statistical analysis was performed by Student's t-test. 

*p < 0.05. (i) Heatmap showing expression levels of HEMA1 and the GUN genes in 

silenced plants. Scale is on right. 
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respond strongly to defects in chloroplast gene expression and to chloroplast-derived 

signals. 

(e) Plasmodesmata density is altered in plants with defective chloroplast gene 

expression 

The silencing of genes important for chloroplast gene expression resulted in defects in 

intercellular trafficking (figure 24). In ISE2-silenced plants, defects in intercellular 

trafficking were associated with changes in PD [27]. We, therefore, tested whether 

changes in PD were also involved in the changes to intercellular trafficking observed in 

the silenced plants. For this, Arabidopsis PLASMODESMATA-LOCATED PROTEIN1 

(PDLP1-GFP), a general marker for PD [53], was expressed in leaves equivalent to 

those used in the trafficking assays. Using confocal fluorescence microscopy, we 

monitored the appearance of GFP punctae in cell walls. PD are nanopores with an 

average diameter of 30 nm, so for our analysis we assumed that the fluorescent foci we 

observed were owing to clusters of PD in the cell wall, called pitfields [54]. Direct 

observation by microscopy revealed striking changes in the patterns of pitfields 

compared to those in non-silenced TRV-infected controls. In some silenced plants there 

were more, larger punctae that had greater fluorescence intensity (measured under the 

same imaging settings) than in control plants, exemplified by TRV-

PNPaseA (figure 26a,b). In other plants, as shown for TRV-IPI1, the GFP punctae were 

much less abundant and had weaker fluorescence intensity compared to the control 

plants (figure 26c). Images of cells were collected as z-stacks and then the maximum 

intensity projections were used to measure the number, size and fluorescence intensity 
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of GFP punctae in a field of view (figure 26d). Based on these parameters, a ‘PD 

density score' was developed to quantitatively describe these observations (see 

Material and methods). In RH22-, RH39-, ISE2- and PNPaseA-silenced plants, the 

average PD density was higher than that of non-silenced control plants and in all cases, 

this difference was statistically significant (figure 26e). Note that, except 

for RH22, silencing these genes led to increased intercellular trafficking of GFP 

(figure 24). By contrast, in epidermal cells in leaves where RNaseJ, IPI1 or RH3 were 

silenced, there were drastic, statistically significant decreases in PD density 

(figure 26e). Silencing of those genes had led to decreased intercellular trafficking 

(figure 24). Relative to the non-silenced control, silencing both PNPase homologues 

with the TRV-PNPaseA/B construct did not affect the PD density (figure 26e), although 

it led to decreased intercellular trafficking (figure 24). Comparing intercellular trafficking 

to PD density revealed a positive correlation between PD density and intercellular 

trafficking (figure 26f). However, the data for TRV-RH22 and TRV-PNPaseA/B do not fit 

the curve suggesting that other factors beyond PD density may contribute to the 

changes observed in intercellular trafficking. 

Discussion 

In this study, we took a reverse genetics approach to investigating the relationship 

between chloroplasts and PD in coordinating intercellular trafficking, called ONPS. 

Expression of genes encoding factors needed for chloroplast gene expression was 

knocked down by VIGS, resulting in varying degrees of chlorosis in the silenced plants. 

Movement assays in epidermal cells of silenced leaves revealed that in seven of the 
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eight samples examined, perturbing chloroplast gene expression disrupted intercellular 

trafficking (figure 24). The use of reverse genetics allowed us to sidestep one of the 

main challenges that encumbers investigations of PD. Mutants with defects in PD are 

scarce, probably owing to their embryonic and seedling lethality [30,55]. 

Similarly, Arabidopsisrh22, rh3, rh39, pnpase, ipi1 and rnase j mutants all display 

embryonic or seedling lethality [40–42,56–58]. It would, therefore, be difficult to examine 

the roles of these genes in other aspects of plant development. The use of VIGS in N. 

benthamiana plants provides a relatively straightforward system to reduce gene 

expression and measure effects on PD function. Another advantage of N. 

benthamiana and VIGS is that it allows the acute effects of perturbation of gene 

expression to be assessed. Plants are wild-type until initiation of VIGS, and have 

presumably induced relatively few responses to cope with the loss of gene function as 

they would in a true genetic mutant. Thus, N. benthamiana and VIGS represent a 

powerful new system for probing CRS and ONPS. 

Using quantitative measurement of transcript levels of known markers for CRS 

(Lhcb and RBCS1A genes), we showed that CRS was altered in the silenced plants 

compared to non-silenced controls (figure 25). Changes in chloroplast gene expression 

are well known to modify CRS and alter expression of nuclear genes [14,59]. ISE2 is 

involved in multiple aspects of chloroplast RNA processing including group II intron 

splicing, rRNA processing and C-to-U editing [23]. RH3, RH22 and RH39, are required 

for rRNA processing in chloroplasts with RH3 having additional roles in splicing group II 

introns [40–42]. The maize homologue of IPI1 is PPR103, and it is required for 
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processing rpl16 mRNAs and ribosome accumulation in maize [43]. RNaseJ is 

necessary to prevent the overaccumulation of chloroplast antisense RNAs, thereby 

ensuring correct expression of the chloroplast genome [44,60]. Chloroplast PNPase is 

needed for multiple steps of RNA processing including correct 3′end maturation of rRNA 

and mRNA, RNA degradation, intron processing and non-coding RNAs [45,60]. In 

plants where any of these genes is silenced, it is expected that chloroplast gene 

expression would be altered, leading to the production of chloroplast molecules that 

would act as a retrograde signal to influence expression of the nuclear genome. We 

hypothesize that in our system, silencing each gene would produce a distinct 

perturbation of chloroplast gene expression and function, leading to unique signals or 

signal signatures that in turn has a specific effect on expression of genes important for 

PD formation or function. This hypothesis is borne out by the unique patterns of nuclear 

gene expression observed in the silenced plants (figures 3 and 4). 

In the silenced plants, changes in expression of genes in the tetrapyrrole 

synthesis pathway were observed, although only the reduced expression of GUN4 was 

common to all silenced plants (figure 26). These changes in tetrapyrrole-related gene 

expression are consistent with the chlorosis of the silenced plants. Further, they are 

also similar to changes in gene expression analysis revealed by tiling microarray 

in ise2 embryos. The microarray studies showed that numerous genes associated with 

tetrapyrrole metabolism had altered expression in the mutant embryos including GUN2, 

GUN5 and GUN6 [25]. Disruption of the GUN tetrapyrrole-associated genes led to the 

accumulation of intermediates that are known mediators of CRS [61]. While 
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tetrapyrroles are candidate signals for ONPS, other retrograde signals cannot be ruled 

out. Chloroplast-generated ROS and redox state have been shown to regulate PD-

mediated intercellular trafficking [62,63], and they are also known to act as retrograde 

signals [12]. Investigating other CRS pathways involved in ONPS in this system will be 

a goal of future investigations. 

Exogenous application of oxidizing or reducing agents to plant samples was 

shown to influence PD-mediated intercellular trafficking [64]. Interestingly, low 

concentrations of hydrogen peroxide increased PD-mediated trafficking 

in Arabidopsis roots, while at higher concentrations trafficking was inhibited. Thus, it 

seems that mild stress induces one PD response while more, or a different stress, can 

induce a distinct PD response. The results from the silencing of 

the PNPase homologues support the notion that there is complex regulation of PD 

responses to signals. The PNPase genes are highly similar, encoding proteins with 97% 

identity (electronic supplemental material, figure S3). When only PNPaseA was 

silenced, the plants displayed chlorosis and there was greatly increased PD-mediated 

intercellular trafficking (figure 24). When both genes were silenced, the plants displayed 

the same degree of chlorosis—as when only PNPaseA was silenced—but there was a 

striking change in PD function. Silencing both homologues of PNPase drastically 

decreased intercellular trafficking (figure 24). While the results from the other silenced 

plants suggest that degree of chlorosis is predictive for PD, the results 

from PNPase clearly argue against this. Indeed, when ISE1, a gene encoding a 

mitochondrial DEAD-box RNA helicase, was silenced in parallel to ISE2, the ISE1-
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silenced plants had milder chlorosis than ISE2-silenced plants but had a larger increase 

in intercellular trafficking between epidermal cells than did ISE2-silenced plants [27]. 

Interestingly, PNPaseA-silenced leaves contained increased PD density 

while PNPaseA/B-silenced leaves showed no difference in PD density relative to the 

non-silenced controls (figure 27). The increased PD density and intercellular trafficking 

observed in PNPaseA-silenced plants agree with the general trend observed for the 

other silenced lines (figure 27e) and support a simple model in which the increased cell-

to-cell diffusion of free GFP is facilitated by having more PD pores. The results 

from PNPaseA/B confound this simple model and suggest that it is not only the 

availability of PD pores that accounts for intercellular trafficking. Similarly, RH22-

silenced leaves had no change in intercellular trafficking relative to the controls but 

showed a marked increase in PD density (figure 27e). Previous analysis of ISE2-

silenced plants and ise2 mutant embryos revealed increased occurrence of twinned and 

branched PD along with increased intercellular trafficking, suggesting that the formation 

of secondary (complex) PD facilitates increased cell-to-cell trafficking [27]. Often 

overlooked in discussions of PD is their variety and apparent subfunctionalization. 

Primary PD form during cytokinesis when strands of the endoplasmic reticulum (ER) are 

trapped in the nascent cell wall while secondary PD form de novo across existing cell 

walls in the absence of cytokinesis [9]. In mature tissues, PD are more elaborate with 

branching channels that may contain large central cavities compared to the simpler 

linear pores that are often observed in developing tissues. This change in structure may 

be associated with changes in their trafficking capacities. 
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Figure 27: Quantification of PD density in silenced plants. PD in pitfields were 
labelled with the general PD marker PDLP1-GFP.  

Representative maximum projections of fields of view showing PDLP1-GFP-labelled 

pitfields in (a) WT+TRV, (b) TRV-PNPaseA (increased number of pitfields), and (c) 

TRV-IPI1 (decreased numbers of pitfields) plants. (d) Individual images (confocal planes 

3–14 of a confocal stack) from z-stacks used to generate maximum projections (MP) 

showing the distribution of pitfields in the z-axis. Images correspond to the region 

outlined in white in (a). Scale bar = 10 µm. (e) PD density scores were calculated for 

each image from three biological replicates (rep. 1 (blue squares), rep. 2 (yellow circles) 

and rep. 3 (red diamonds). See Material and methods for more details. Statistical 

significance was determined by Mann–Whitney U-test. *p < 0.0001. (f) Linear regression 

curve showing the positive correlation of PD density score with layers of GFP 

movement. The average PD density score and the median layers of movement across 

the three biological replicates were used to generate the graph. 
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Simple PD in sink leaves were reported to allow trafficking of larger molecules than do 

the branched PD of source leaves [3]. The PD marker used in this study, PDLP1-GFP, 

localizes to all PD and does not distinguish between simplex and more complex PD in 

the manner of other markers, e.g. MP17-GFP derived from the potato leafroll virus 

[53,65]. Thus, the possibility that silencing different chloroplast-related genes resulted in 

the formation of different classes of PD (primary versus secondary, and simple versus 

branched) with distinct trafficking properties cannot be ruled out. Taken together, our 

results can be integrated into a model where during leaf development CRS regulates 

expression of PD associated nuclear genes (PDANGs) to control the formation of 

secondary PD that would complement the existing primary PD generated during cell 

division, allowing the flux of carbon into or out of cells to match the developmental state 

of chloroplasts (figure 28a). When chloroplast development and CRS are disrupted, the 

regulation of PDANGs expression is disturbed and, depending on the strength and 

identity of the signalling molecules regulating gene expression, the number of 

secondary PD formed exceeds or falls short of normal levels, resulting in altered 

intercellular trafficking (figure 28b). Further examination of PD ultrastructure in our 

system to delineate the contributions of simple or complex and PD of primary or 

secondary origins to intercellular trafficking is therefore warranted. Such studies would 

address longstanding questions regarding the function of different classes of PD. 

However, studies on ONPS are constrained by our limited understanding of the genetic 

underpinnings of PD formation and function. Further elucidation of ONPS will depend on 
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the identification of PDANGs whose expression in response to CRS can be validated 

and used as reliable markers for chloroplast-nuclear communication for PD regulation. 

Conclusion 

Our findings support the role of chloroplasts in regulating intercellular trafficking 

via PD. The tetrapyrrole biosynthetic pathway has been identified in this study as one 

potential source of CRS that mediate changes in PD-mediated intercellular trafficking. 

However, other CRS may also be involved in communicating the physiological state of 

the chloroplasts to the nucleus to then modulate expression of genes important for PD 

function. A positive correlation between PD density and intercellular trafficking was 

measured, suggesting that the presence of more pores can allow increased diffusion of 

molecules from one cell to another. However, the results also suggest that other factors 

in addition to simple numbers of PD are important for determining intercellular flux and 

these will be the subjects of future investigation. The system used in these studies, 

consisting of VIGS in N. benthamiana, is amenable to the study of chloroplast- and/or 

PD-related genes whose loss results in lethality, and this system should prove useful for 

further studies of ONPS and PD formation and function. 
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Figure 28: Model for the control of formation of secondary PD by CRS. Primary 
PD (1° PD) are formed during cell division while secondary PD (2° PD) arise in the 
absence of cell division.  

Under normal control conditions or in WT plants with normal RNA processing (a), CRS 

(black arrow) regulates the expression of PDANGs that are involved in the formation of 

secondary PD. Disruption of chloroplast RNA processing and gene expression, as in the 

silenced plants used in this study, leads to defects in chloroplast development and 

function, causing altered CRS (red arrow) which results in changes in the expression of 

PDANGs (b). These changes result in increased (I) or decreased (II) secondary PD 

formation. 
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