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A B S T R A C T   

Across all kingdoms of life, cells secrete an extracellular polymer mesh that in turn feeds back onto them. This 
entails physical connections between the plasma membrane and the polymer mesh. In plant cells, one connection 
stands out: the Hechtian strand which, during plasmolysis, reflects the existence of a physical link between the 
plasma membrane of the retracting protoplast and the cell wall. The Hechtian strand is part of a larger structure, 
which we call the Hechtian structure, that comprises the Hechtian strand, the Hechtian reticulum and the 
Hechtian attachment sites. Although it has been observed for more than 100 years, its molecular composition and 
biological functions remain ill-described. A comprehensive characterization of the Hechtian structure is a critical 
step towards understanding this plasma membrane-cell wall connection and its relevance in cell signaling. This 
short review intends to highlight the main features of the Hechtian structure, in order to provide a clear 
framework for future research in this under-explored and promising field.   

Hechtian structure landmarks: attachment sites, reticulum and 
strands 

In 1877, De Vries coined the term “plasmolysis” for the “separation 
of the living protoplasm from the cell wall by dehydrating substances” 
(De Vries, 1877). Today, we use this term for the separation of the 
protoplast from the cell wall. Plasmolysis reveals contact sites between 
the plasma membrane and the cell wall (reviewed e.g. by Oparka, 1994; 
Lang-Pauluzzi, 2000): as water flows out of the cell and the protoplast 
shrinks, the plasma membrane of the retracting protoplast appears to 
remain physically attached to the cell wall, forming strand-like struc-
tures. How this is achieved has been a long-standing question and is still 
not clarified today. 

These strand-like structures are often called “Hechtian strands”, 
honoring their detailed description by Hecht (Hecht, 1912), even though 
they have already been observed earlier on (Pringsheim, 1854). In this 
review, we would like to stress that the connection between the proto-
plast and the cell wall is a more complex structure than classically 
pictured, for which we propose the name “Hechtian structure” (Figs. 1 
and 2). 

The Hechtian structure is comprised of three parts: (i) the Hechtian 

attachment sites (HATSs), which are thought to be discrete cortical re-
gions of plasma membrane – cell wall connections (Pont-Lezica et al., 
1993) (Fig. 1A,B,E); (ii) the Hechtian reticulum, which is the branched 
network of membranes located just beneath the cell wall in plasmolysed 
cells (Hecht, 1912) (Fig. 1C-E); and (iii) the Hechtian strand that is a thin 
plasma membrane tube that goes through the periplasmic space, con-
necting the retracting protoplast to the cell wall via the Hechtian re-
ticulum and the HATSs (Hecht, 1912) (Fig. 1A,B,E,F). In fact, the 
Hechtian reticulum may be viewed as a cluster of HATSs, although this 
would need to be investigated. In some cases, Hechtian strands can be 
branched. 

Note that in addition to these plasmodesmata-unrelated Hechtian 
structures described above, there are also plasmodesmata-related 
Hechtian strands (Hecht, 1912), ensuring plasma membrane continu-
ity through plasmodesmata during plasmolysis (Fig. 1F). In this review, 
we focus on plasmodesmata-unrelated Hechtian structures. 

The Hechtian structure has been identified in a wide range of 
photosynthetic organisms (Fig. 2) including the unicellular algae Clos-
terium acerosum (Domozych et al., 2003), the moss Physcomitrella patens 
protonema cells (Harant & Lang, 2020), and different tracheophyte cells 
such as epidermal onion (Pont-Lezica et al., 1993; Lang-Pauluzzi & 
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Fig. 1. Plasmolysis of Nicotiana benthamiana pavement cell reveals Hechtian strands in the periplasmic space and Hechtian reticulum beneath the cell wall. A 
Plasmolysed pavement cell at 10μm from cell surface showing the plasma membrane mainly detached at the lobes. Upon plasmolysis, the protoplast’s plasma 
membrane (green) is detached from the wall (magenta) and it is possible to observe Hechtian strands as thread-like plasma membrane strands in the periplasmic 
space (white arrowheads). Not all the plasmolysed areas exhibit Hechtian structures. B Inset (area framed in A) showing the Hechtian strands at higher magnification. 
The location of a HATSs is indicated with a white circle. C Maximum intensity projection of 5μm depth showing the Hechtian reticulum just beneath the cell wall of a 
plasmolyzed pavement cell. D Inset (area framed in C) showing the Hechtian reticulum in detail containing thick, wavy tubular structures, and branched tubular 
structures with cisternae adjacent to the cell surface (white arrowheads). E Illustration of a plasmolysed cell revealing the Hechtian structure: the Hechtian 
attachment sites (black circles) are continuous with the retracting protoplast via the Hechtian reticulum (black rectangle) and Hechtian strand (black oval). From left 
to right: midplane section, a plane closer to the wall and a plane just beneath the cell wall of a plasmolysed cell. The cell wall is depicted in magenta, the plasma 
membrane in green. F Schematic representation of plasmodesmata-related and -unrelated Hechtian strands. The plasmodesmata-unrelated Hechtian strands (arrow) 
continue into the Hechtian reticulum, which ends with HATSs at the cell wall. The plasmodesmata-related Hechtian strands (arrowhead) ensure membrane con-
tinuity between adjacent cells by connecting the two retracting protoplasts through plasmodesmata. Note that both might ensure contact to the cell wall: while the 
plasmodesmata-unrelated Hechtian strands contact the cell wall head on at HATSs, the plasmodesmata-related Hechtian strands might contact the cell wall laterally 
at plasmodesmata. Four-week-old N. benthamiana plants were transiently transformed with Agrobacterium tumefaciens carrying the construct pPDF1::LTI6B-mCitrine to 
label the plasma membrane. Images were acquired 3 days post-infiltration with a SP8 Leica confocal microscope. The cells were plasmolyzed for 30 min in glycerol 
10 %. Green: Signal from LTI6B-mCitrine channel (λ excitation: 514nm, λ emission: 529–600nm, detector gain: 600V, laser: 30%, objective: 25x/ water /NA: 0.95). 
Magenta: Calcofluor staining of the cell wall, only anticlinal walls’ signals are shown. (λ excitation: 405nm, λ emission: 430–475nm, detector gain: 400V, laser: 5 %, 
objective: 25x/ water /NA: 0.95). Scale bar: 15μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 2. The Hechtian structure in different plant species. A Plasmolysed Arabidopsis thaliana hypocotyl (box) reveals the Hechtian structure (B,C). B A midplane 
section shows Hechtian strands that continue into the Hechtian reticulum close the the cell wall. Boxed area magnified on the right. C A section closer to the cell wall 
shows the Hechtian reticulum. Boxed area magnified on the right. Scale bars: 10μm. B, C show single confocal sections, the cell wall signal is pseudocolored in 
magenta, the membrane signal in green. D Plasmolysed epidermal onion cells showing Hechtian strands. The epidermis was peeled free from an onion bulb scale and 
plasmolysed in 1 kmol.m− 3 CaCl2. Bright field images acquired by Rafael Pont-Lezica. Hoffman optics. Scale bar: 10μm. Seven days old in vitro grown Arabidopsis 
thaliana seedlings (p35S::LTI6B-GFP, ecotype WS), were propidium-iodide stained and mounted in water between a slide and a coverslip, separated by spacers. The 
water was replaced by D-Sorbitol solution by sucking the water out with a tissue paper on one side, and supplying 0.6 M D-Sorbitol solution with a pipette at the edge 
of the coverslip on the other side. The plants were imaged on a LSM980 (ZEISS, Jena) upright confocal microscope with airyscan detection, 35 min after the Sorbitol 
solution was added. Objective: water immersion Plan-Apochromat 20x/1.0. GFP channel (plasma membrane): 488nm laser at 1.8%, dual band detection filter: 
BP420-480 + BP495-550, detector master gain: 850V, digital gain 1.0. PI channel (cell wall): 561nm laser at 0.5%, dual band detection filter: BP495-550 + BP570- 
630, detector master gain: 850V, digital gain 1.0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Gunning, 2000; Fig. 2B) and Tradescantia virginiana cells (Lang et al., 
2004); Gynkgo biloba callus (Buer et al., 2000) or Nicotiana tabacum BY-2 
cells (Yoneda et al., 2020). The presence of Hechtian structures is clas-
sically used in Arabidopsis to validate the plasma membrane localization 
of proteins and visualize plasma membrane-cell wall attachments (e.g. 
Hématy et al., 2007; Barbosa et al., 2023). The Hechtian structure has 
also been observed in other walled organisms such as the oomycetes 
Saprolegnia ferax and Achlya ambisexuaIis, and the ascomycete Neuros-
pora crassa (Bachewich & Heath, 1997). 

Characteristics of the Hechtian structure 

The Hechtian structure and HATSs in particular, are attractive can-
didates as a nexus between the cell wall, the plasma membrane, the 
cytoskeleton, and the endoplasmic reticulum (Wyatt & Carpita, 1993). 
Several complex structural interactions have been described inside of 
cells, including reported molecular interactions between the cytoskel-
eton and the plasma membrane (Liu et al., 2015b), the cytoskeleton and 
the endoplasmic reticulum (Hamada et al., 2014), as well as between the 
endoplasmic reticulum and the plasma membrane (Wang et al., 2017). 
Moreover, numerous studies dealing with the molecular interactions 
between the cell wall and the plasma membrane have been performed in 
order to identify the linkers: receptor-like kinases, arabinogalactan 
proteins, and formins are among the proteins highlighted to act as 
linkers (reviewed in Liu et al., 2015a). The composition of the Hechtian 
structure suggests that a complex nexus could exist at HATSs. 

There is evidence for the presence of cytoplasm within the Hechtian 
strands, as measured by esterase activity in oat coleoptiles (Drake et al., 
1978), Pteridium protoplasts (Attree & Sheffield, 1985) and tobacco cells 
(Chang et al., 1996). However, Oparka (1994) did not measure esterase 
activity in onion epidermis. This discrepancy may be partially explained 
by Hechtian strands of different widths, among which the thinner ones 
could exclude the cytoplasm. 

The Hechtian reticulum, as well as some Hechtian strands, contain 
endoplasmic reticulum as evidenced by electron microscopy images 
(Oparka, 1994) and 3,3′-dihexyloxacarbocyanine iodide staining 
(Oparka, 1994; Lang-Pauluzzi & Gunning, 2000) of plasmolysed onion 
epidermal cells; and the fluorescent endoplasmic reticulum marker 
HDEL in Arabidopsis thaliana and Nicotiana benthamiana Hechtian 
strands (Cheng et al., 2017). 

The presence of cytoskeleton within the Hechtian reticulum and 
Hechtian strands is controversial due to the difficulties of preservation of 
cortical actin microfilaments (Lang-Pauluzzi & Gunning, 2000) and 
induced depolymerization of microtubules (Cheng et al., 2017) during 
plasmolysis. Both actin microfilaments and microtubules can be present 
in Hechtian strands in onion (Lang-Pauluzzi & Gunning, 2000), as well 
as in Arabidopsis (Cheng et al., 2017). However, the disruption of the 
cytoskeleton does not abolish the formation of Hechtian strands (Lang- 
Pauluzzi & Gunning, 2000). On the contrary, Domozych et al., 2003 
reported the absence of cytoskeleton from the Hechtian strands of the 
algae Closterium acerosum, as assayed by TEM and fluorescence staining 
observations. 

Electron microscopy images of T. virginiana leaf epidermal cells show 
that the membranous tubes of the Hechtian reticulum along the cell wall 
are embedded by cell wall elements (Lang et al., 2004), and an accu-
mulation of callose has been identified around the Hechtian reticulum 
(Lang et al., 2004), suggesting that callose might be involved in the 
attachment of the Hechtian reticulum to the cell wall. 

Beyond their molecular composition, Hechtian structures are phys-
ical objects: Hechtian strands are thin and tense. They appear straight 
and mostly deprived of wavy curves, likely because they remain under 
tension as the protoplast contracts (Fig. 1A-B and Fig. 2B,D). Tensions of 
individual Hechtian strands of ~ 20μm in length were determined to be 
on the order of ~ 1pN by optical microsurgical techniques in Nicotiana 
tabacum and Gynkgo biloba callus cells (Buer et al., 2000); a value that is 
two orders of magnitude higher than the tensile strength of the plasma 

membrane measured in NIH-3 T3 mouse fibroblasts (Tan et al., 2011). 
The cross-sectional diameter of Hechtian strands ranges between 100nm 
and 200nm upon incipient plasmolysis, and decreases to a range of 20 to 
40nm after long-term plasmolysis in onion epidermis (Oparka et al., 
1994). Their density and diameter may vary with the degree of plas-
molysis (Lang et al., 2004). Hechtian strands have been reported to be 
thicker close to the protoplast than close to the cell wall in Tradescantia 
virginiana leaf epidermal cells (Lang et al., 2004). 

During deplasmolysis, Hechtian strands are thought to be reincor-
porated into the plasma membrane (Lang-Pauluzzi & Gunning, 2000). 
Furthermore, Johnson-Flanagan & Singh (1986) noted that in cold 
hardened cells, new sets of strands or rivulets of membranes could be 
formed with each new plasmolysis/deplasmolysis cycle. These data 
suggest that the Hechtian structure is dynamic and versatile. 

Conclusive evidence is still lacking, but the nexus of cell wall, plasma 
membrane, cytoskeleton and endoplasmic reticulum in the Hechtian 
structure and in particular at HATSs, makes them attractive candidates 
for signaling centers. 

The contribution of the Hechtian structure to signaling 

The cell wall - plasma membrane interface is a critical site for 
detecting stimuli generated by changes in water status, membrane ten-
sion and cell wall properties (Haswell & Verslues, 2015), caused in part 
by abiotic and biotic stresses. In this regard, HATSs could serve as hubs 
to centralize molecular components involved in the perception and 
consequent signaling triggered by changes in water potential, such as 
mechanosensitive channels and osmosensors. 

There is some evidence for the importance of the Hechtian structure 
in cell wall integrity sensing: new cell wall has been reported to be 
produced along the old cell wall even during plasmolysis if the Hechtian 
structure is present. In contrast, when the Hechtian structure is dis-
rupted, the new cell wall was instead observed to be synthesized along 
the protoplast outline (Schindler et al., 1989, Yoneda et al., 2020). 
Hechtian structures may also maintain cell polarity by anchoring the 
plasma membrane to the cell wall preventing slippage (Pont-Lezica 
et al., 1993). 

Additionally, the Hechtian structure may be involved in the response 
to cold stress, as evidenced by the formation of Hechtian strands in 
Closterium Acerosum in response to cooling (Domozych et al., 2003), and 
the increased density of strands in cold-hardened Gynkgo biloba callus 
cells (Buer et al., 2000). 

Finally, functional plasma membrane-cell wall connections are 
relevant for successful pathogen defense. For instance, the plant defense 
signaling protein NDR1, that limits electrolyte leakage in response to 
Pseudomonas syringae pv. tomato DC3000 infection, has been suggested 
to be involved in plasma membrane-cell wall adhesion (Knepper et al., 
2011). Moreover, when the Hechtian structure was apparently impaired 
with RGD-peptides treatments in Pea or Cowpea cells infected with fungi 
they are not host for; plant immune responses including callose depo-
sition and ROS production were decreased, whereas fungal penetration 
efficiency was increased (Mellersh et al., 2002). 

While these examples show an implication of the Hechtian structure 
in signaling, plant scientists still have a lot of work to do to understand 
the role of the Hechtian structure in signaling. 

The Hechtian structure as an integrator of mechanical signaling? 

Whether the Hechtian structure could also serve as a hub for 
mechanotransduction still remains enigmatic. It has been hypothesized, 
that the connections between the cell wall and the plasma membrane 
may serve as “plasmalemmal control centers”, accumulating not only 
plasma membrane and cell wall, but also mechanosensory ion channels, 
cytoskeleton and regulatory molecules (Pickard, 1994). The presence 
and maintenance of Hechtian strands reflects the strength of the 
attachment to the cell wall, as the bulk of the protoplast shrinks. 
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Therefore plasma membrane-cell wall linkers may be able to transmit 
mechanical signals from the cell wall to the plasma membrane, in 
particular to mechanosensitive elements, such as ion channels, or 
cytoskeletal elements (Pont-Lezica et al., 1993; Ackermann & Stanislas, 
2020; Hamant et al., 2019). Hence, Hechtian strands and HATSs can be 
regarded as specialized structures for perceiving mechanical signals at 
the cell surface and triggering the transduction pathways. The presence 
of nano/microdomains in the plasma membrane and cell wall supports 
this idea. 

Several plasma membrane proteins form nanodomains of different 
sizes within the plasma membrane (McKenna et al., 2019). The dy-
namics of these nanodomains can be differentially regulated by the 
cytoskeleton and the cell wall; in fact, the cell wall plays a key role in the 
regulation of protein cluster size and lateral mobility (Martinière et al., 
2012; Martinière & Zelazny, 2021; McKenna et al., 2019). Nanodomains 
like these could be involved in mechanosensing. For instance, in yeast, 
the wall mechanosensor Wsc1 forms large clusters at sites of cell wall 
compression (Neeli-Venkata et al., 2021). Another class of evolutionary 
conserved microdomains, the endoplasmic reticulum-plasma membrane 
contact sites, contain protein complexes involved in organelle tethering 
and signaling (Pérez-Sancho et al., 2016). These endoplasmic reticulum- 
plasma membrane contact sites have also been identified in plants, and 
the proteins VAP27 (a vesicular associated protein), NET3 (a NET-
WORKED actin binding protein C), and SYT1 (Synaptotagmin 1) have 
been identified as markers of these contact sites (Wang et al., 2014; 
Wang et al., 2016; Pérez-Sancho et al., 2015; Siao et al., 2016). SYT1 
expression is strongly induced by tissue damage in Arabidopsis tran-
scriptional reporter lines and the syt1 mutant exhibits hypersensitivity to 
mechanical stress (Pérez-Sancho et al., 2015). These contact sites are 
often found close to the cell wall, indicating that they might coincide 
with HATSs (Wang et al., 2016). In fact, the Hechtian structure contains 
VAP27-1 and SYT1 (Wang et al., 2016; Pérez-Sancho et al., 2015). 
Moreover, cytoskeletal elements partially overlap with the endoplasmic 
reticulum-plasma membrane contact sites and influence the mobility of 
contact site-localized proteins (Wang et al., 2014, Siao et al., 2016). This 
makes the Hechtian structure an attractive candidate as a (mechano) 
signaling center at the nexus between the cell wall, the plasma mem-
brane, the endoplasmic reticulum, and the cytoskeleton. 

Finally, HATSs have been related to focal adhesions in animals 
(Schindler et al., 1989; Canut et al., 1998). Focal adhesions are discrete 
points in the cell, where the cytoskeleton is mechanically connected to 
the extracellular matrix via transmembrane proteins of the integrin 
family (reviewed in Iskratsch et al., 2014). The transmembrane proteins 
of the integrin family recognize the conserved RGD motif comprised of 
the amino acids Arg (R), Gly (G) and Asp (D), present on extracellular 
matrix proteins such as vitronectin or fibronectin (Iskratsch et al., 2014). 
In plants, there is some indirect evidence suggesting that HATSs might 
be out-competed by providing an excess of RGD in the medium 
(Schindler et al., 1989; Canut et al., 1998, Mellersh et al., 2002). 
Moreover, an RGD-binding transmembrane protein, LecRKI.9, has been 
identified (Gouget et al., 2006). The RGD-binding domain of this protein 
equally seems to titrate out HATSs (Gouget et al., 2006). Although we 
cannot exclude other impacts of RGD treatments on the cell physiology, 
this suggests one possible mechanism in which LecRKI.9 could bridge 
the plasma membrane to the cell wall by binding to the RGD motif in cell 
wall proteins. This kind of interaction between plasma membrane pro-
teins and specific targets in the cell wall can trigger signaling and might 
take place at HATSs. Thus, HATSs can be considered attractive candi-
dates as mechanotransduction hubs. 

Outlook 

We are only beginning to understand the complex molecular and 
mechanical identity of the plasma membrane-cell wall nexus. Our cur-
rent understanding is based on classical, accurate characterizations of 
the Hechtian structure, and nurtured by cutting-edge research on the 

impact of the cell wall, as well as the cytoskeleton on (plasma) mem-
brane protein dynamics. Here are some outstanding questions: What are 
the biological functions of the Hechtian structure? Is the distribution and 
density of Hechtian structures cell type specific? What are the mecha-
nisms of plasma membrane-cell wall and cell–cell communication 
through the Hechtian structure? Could HATSs play a role in sensing 
biochemical and mechanical cues? What are the molecular components 
of HATSs? Finally, it would be interesting to investigate whether the 
apparent similarity between HATSs and focal adhesions goes beyond an 
attractive analogy, in particular in light of HATSs as potential sites of 
mechanical coupling between the cell wall and the cytoskeleton. 
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