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Abstract
Penium margaritaceum is a unicellular zygnematophyte (basal Streptophyteor Charophyte) that has been used as a model
organism for the study of cell walls of Streptophytes and for elucidating organismal adaptations that were key in the evolution
of land plants.. When Penium is incubated in sorbitol-enhance medium, i.e., hyperosmotic medium, 1000–1500 Hechtian strands
formwithin minutes and connect the plasmamembrane to the cell wall. As cells acclimate to this osmotic stress over time, further
significant changes occur at the cell wall and plasma membrane domains. The homogalacturonan lattice of the outer cell wall
layer is significantly reduced and is accompanied by the formation of a highly elongate, “filamentous” phenotype. Distinct
peripheral thickenings appear between the CW and plasma membrane and contain membranous components and a branched
granular matrix. Monoclonal antibody labeling of these thickenings indicates the presence of rhamnogalacturonan-I epitopes.
Acclimatization also results in the proliferation of the cell’s vacuolar networks and macroautophagy. Penium’s ability to accli-
matize to osmotic stress offers insight into the transition of ancient zygnematophytes from an aquatic to terrestrial existence.
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Introduction

Plant cell development is the expression of a highly coordi-
nated series of subcellular events that occurs over specific
periods of time and includes such phenomena as cell expan-
sion, division, and morphogenesis (Landrein and Ingram
2019; Pierre-Jerome et al. 2018; Wang and Ruan 2013).
During various stages of development, the activation/
expression of specific gene sets define and coordinate the
dynamics of subcellular and metabolic processes. These
events are also highly sensitive to abiotic and biotic stress
and modulate accordingly (Abdul Malik et al., 2020; Zhu
2016; Feng et al. 2016; Osakabe et al. 2013; Wang and
Ruan 2013). Many of the specific signals produced by

external stress agents are received, transduced and “commu-
nicated” to the cell interior by components of the plasma
membrane (PM) and cell wall (CW) domains. The plant CW
is a fiber reinforced hydrogel consisting of meshworks of cel-
lulose microfibrils associated with an array of polysaccha-
rides, proteins and phenolic polymers (Ali and Traas 2016;
Liu et al. 2015; Wallace and Fry 1994). The CW provides a
rigid protective boundary around the protoplast and also
serves as a major sensory platform for reception and transduc-
tion of external signals (Sugimoto-Shirasu et al. 2018;
Novakov ic e t a l . 2018 ; Bash l ine e t a l . 2014) .
Communication between the external habitat, the CW and
protoplast is also dependent upon a diverse array of proteins
that reside in the PM (Rodriguez-Furlan et al., 2019;
Novakovic et al. 2018; Liu et al. 2015; Luschnig and Vert,
2014; Komatsu et al. 2007). These proteins receive external
signal input from the habitat and/or CW and transduce/direct
them to specific internal loci such as the nucleus,
endomembrane system or cytoskeletal network. Other PM
proteins are critical for defining specific sites for secretion of
CWmatrix components (e.g., pectins, hemicelluloses) and for
the biosynthesis of cellulose microfibrils, i.e., events central to
plant cell expansion and morphogenesis (Polko and Kieber
2019; Kim and Brandizzi 2014; Maleki et al. 2016).
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Liquid water and more specifically, its movement across
biological membranes, are fundamental to virtually all of the
dynamics of a cell. In most walled plants and algae, water
inside the cell exerts outward pressure (turgor pressure) on
the cell periphery thus providing a physical force for expan-
sion (Hill et al. 2012). This force is counteracted and con-
trolled by the rigid CW (wall pressure). During development,
the “loosening” of particular CW zones via enzymatic activity
and/or secretion/insertion of new wall polymers allows for
controlled expansion at these zones (Haas et al. 2020; Zhang
and Zhang 2020; Cosgrove 2018; Zwieka et al. 2015;
Pietruszka, 2013; Zonia andMunnik 2011, 2007). CW expan-
sion and corresponding cell expansion may occur around the
whole cell, i.e., diffuse cell expansion (Cosgrove 2016) or
may be localized at one or a few zones that then manifest in
polar growth expansion (Dehors et al. 2019; Bidhendi and
Geitmann 2018; Domozych et al. 2013). If a plant cell is
incubated in a hyperosmotic solution, the high water potential
in the cell directs the movement of water out of the cell where
a low water potential exists (Cheng et al. 2017). This causes a
decrease in protoplast volume or plasmolysis and represents
one of the major responses of a plant cell to osmotic stress.
Plasmolysis is often observed in plant cells experiencing high
salt exposure, low water conditions and cold stress (Yoneda
et al. 2020; Cheng et al. 2017; Lang et al. 2014), i.e., condi-
tions common to many terrestrial and freshwater aquatic hab-
itats (e.g., wetlands). Plasmolysis is accompanied by signifi-
cant subcellular changes and after long periods, may result in
cell death. However, after this initial response to osmotic
stress, many plant cells alter their metabolism and subcellular
architecture/dynamics and resume expansion/growth, i.e., ac-
climatization (Novakovic et al. 2018). This is a critical surviv-
al strategy for plants living in terrestrial habitats.

Approximately 500+ mya, an ancestor of modern day
Zygnematophycean a lgae , (Zygnematophyceae ,
Streptophyta or Charophyta) successfully colonized land
and from this ancient stock evolved land plants
(Buschmann and Holzinger, 2020; Becker et al. 2020;
Wang et al., 2020a; Delwiche and Cooper 2015). Though
little fossil data is available, it is believed that the habitats
where this most likely occurred were shallow wetlands that
experienced frequent periods of drying, i.e., also habitats
of many modern day zygnematophytes (i.e., taxa belong-
ing to the Zygnematophyceae). Zygnematophytes have
adapted multiple mechanisms to cope with this osmotic
stress (Furst-Jansen et al. 2020) including changes to
chloroplast/photosynthetic dynamics, production of
osmolytes, the transformation into specialized resting cells
and, modulating CW structure and biochemistry (Steiner
et al. 2020; Herburger et al. 2019, 2018, 2015; de Vries
et al. 2018; De Vries and Archiblad, 2018; Herburger and
Holzinger 2015; Holzinger and Pichrtova, 2016; Rippin
et al. 2017; Lütz-Meindl 2016; Holzinger and Karsten

2013). The CWs of extant zygnematophytes have been
shown to have polymers with notable similarity in compo-
sition and accompanying biosynthetic machinery to that
found in land plants (Jiao et al. 2020; Sørensen et al.
2011, 2010). These features make extant zygnematophytes
highly desirable organisms for investigating the effects of
stress and subsequent response mechanisms not only in
light of evolution but also for providing insight into cell
and CW adaptations to osmotic stress in plants.

Recently, the unicellular zygnematophyte, Penium
margaritaceum, has become a valuable organism for studying
the cell biology of zygnematophytes especially CW-related
phenomena. Penium produces only a primary CW that con-
tains many polymers similar to those found in land plants
(Domozych et al. 2014, 2007). Its outer CW layer consists
of a distinct calcium (Ca2+)-complexed homogalacturonan
(HG) lattice that is highly malleable when synthesized during
stress conditions (Palacio-Lopez et al., 2020). The compo-
nents of the CW and the exopolymeric mucilage or EPS
(i.e., extracellular polymeric sunstance) secreted by Penium
are synthesized and processed by a highly elaborate
endomembrane system (Domozych et al. 2020; Ruiz-May
et al. 2018) and secreted at specific loci of the cell periphery.
Analysis of these features and events is directly accessible for
analysis using various microscopy-based protocols.
Furthermore, Penium’s genome has been recently sequenced
(Jiao et al. 2020) and the putative molecular adaptations for
response to stress have been initially identified. In this study,
we examined the affects of experimentally-induced osmotic
stress on the cell with special emphasis on the CW and PM
domains. We examined both short term and long term treat-
ments, i.e., acclimatization. Osmotic stress causes significant
changes including the production of Hechtian strands, the al-
teration of the HG lattice of the CW and the formation of
distinct peripheral thickenings found between the CW and
PM.

Materials and methods

Penium culture maintenance

Penium margaritaceum Brébisson (Skidmore College Algal
Culture Collection, clone Skd#8) was maintained in sterile
liquid cultures of Woods Hole Medium (Rydahl et al. 2015;
Domozych et al. 2007) supplementedwith soil extract (WHS),
pH 7.2 at 18oC +/−1.5°C in a photoperiod of 16-h light/8-h
dark with 74 μmol photons m–2 s–1 white fluorescent light.
The cells were subcultured every week, and cells from log-
phase cultures (7- to 14-day-old cultures) were used for the
experiments.
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Experimental protocols

Cells were collected from liquid cultures, gently pelleted by
centrifugation at 500×g (1 min) and washed three times in
WHS before experimental treatments. For long-term sorbitol
treatment or acclimatization experiments, cells were incubated
in 200 mM sorbitol (Sigma-Aldrich; St. Louis, MO, USA ;
211 mOsm) in WHS for 1-10 days and cultured as above.
Osmolarity was measured with a Vapro Vapor Pressure
Osmometer

Model 5600. Aliquots of culture were removed at 24, 48,
72, 96 h and 7 d and processed or light and electron micros-
copy. For induction of Hechtian strands, cells were treated
with 300 mM sorbitol (315 mOsm)in WHS for 1 min, 5
min, 30 min and 4 h. Cells were collected and processed for
spray freezing/freeze substitution (see below). For
Polyethylene Glycol (PEG) treatment, cells were treated with
15% PEG (mw. 3,500; Sigma-Aldrich; St. Louis, MO, USA)
for 72 h and 6 d before removal for analysis. For assessment of
CW and cell expansion under experimental conditions, ali-
quots of treated cells and control cells were harvested at 24,
48, and 72 h, labeled with JIM5-TRITC using the double
immunofluorescence protocol as described in Domozych
et al. (2007). New CW growth was monitored using fluores-
cence light microscopy (FLM) and the protocol described in
Domozych et al. (2009). 50 cells from triplicate samples were
examined for each treatment at 24, 48, and 72 h. For recovery
experiments, treated cells were collected, washed three times
with WHS, placed back in fresh WHS and cultured as de-
scribed above.

Labeling protocols for vacuoles, nucleus,
cytoskeleton, and CW

All chemicals were obtained from either Sigma-Aldrich
(St. Louis, MO, USA; Neutral Red) or Molecular Probes
(Eugene, OR, USA; SYTO9, Calcofluor) or BioSupplies
(Australia; aniline blue). Cell labeling was performed in
the dark at room temperature and with constant gentle
shaking. Cells were collected and washed three times with
WHS to remove residual EPS from the cell surface that
might interfere with labeling. Washed celles were then in-
cubated in fresh WHS medium containing 10 μg/ml solu-
tion of Neutral Red for 30 min (for vacuole labeling) in the
dark, or 30 min in the dark with 1mg/mLof SYTO9 (for
nucleus labeling) or 30 min in the dark with 10 μg/mL
Caclofluor (for cellulose and ß-glucans) or 30 min in the
dark with 1 μg/mL of aniline blue (for ß1-3 glucans). The
cells were subsequently washed three times with WHS.
Cells were then viewed with differential interference con-
trast (DIC) microscopy, FLM or confocal laser scanning
microscopy (CLSM). Screening for the presence of micro-
fi laments and microtubules entailed the labeling

techniques employed in Ochs et al. (2014). For CW label-
ing, cells were harvested washed labeled with JIM5-
TRITC using the double immunofluorescence protocol de-
scribed in Domozych et al. (2014).

DIC (differential interference contrast), FLM
(fluorescence light), and CLSM (confocal laser
scanning microscopy) imaging

For routine-, DIC-LM and FLM, cells were viewed with an
Olympus BX60 or BX63microscope (Olympus America Inc.,
Melville, NY, USA) equipped with an Olympus DP73 digital
microscope camera, using DP Controller 3.2.1.276 software.
DIC images were obtained using U Plan Apo 40 or 100×
lenses. Confocal laser scanning microscopy (CLSM) was per-
formed with an Olympus FluoView™ 1200 Confocal
Microscope using Fluoview 5.0 with O3D software. FLM
and CLSM images were obtained with a U Plan Apo 60 lens
w i t h f l u o r e s c e i n i s o t h i o c y a n a t e ( F I TC ) o r
tetramethylrhodamine isothiocyanate (TRITC) filter sets.

Field emission scanning electron microscopy (FESEM)

Cells were collected, washed three times with WHS and
shaken in 0.05% Triton-X in WHS at 4°C for 10 min. The
cells were then freeze shattered (Palacio-Lopez et al. 2020;
Wasteneys et al., 1997), washed extensively with deion-
ized water, frozen in liquid nitrogen and freeze dried. The
dried cells were then brushed onto double-sided sticky tape
on a Cambridge stub (EMS, Ft. Washington, PA) and sput-
ter coated with gold-palladium (25 s). FESEM imaging
was performed using a ThermoFisher Quattra FESEM.
High-resolution imaging employed a secondary electron
detector with a 5-kV accelerating voltage, 2.5 spot size,
and a 10-mm working distance under high vacuum
conditions

TEM

Cells were prepared for TEMusing freeze spraying techniques
described in (Rydahl et al. (2015; Domozych et al. 2007).
Immunogold labeling of thin sections employed mAbs from
Plant Probes, Leeds, UK (JIM5, JIM13, LM11, LM15). http://
www.plantprobes.net), the Complex Carbohydrate Research
Center (CCRC-M80) of the University of Georgia, USA,
BioSupplies, Australia (400-2) and from Dr Marie-Christine
Ralet (INRA-RU1) of INRAE, Nantes, France. The protocol
described in Domozych et al. (2007) was used for labeling.
Immunogold labeled and regular sections were imaged on an
Hitach HT7800 TEM at 120 kV
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Results

General cytological features

Penium’s typical (i.e., control) phenotype is an elongate
cylinder with two rounded poles (Fig. 1a). Cells measure
150–225 μm in length and 17 μm in width at the cell center
or isthmus. Throughout most of the cell cycle, the isthmus
contains the nucleus and is the site of CW expansion (Fig.
1b; see also Davis et al. 2020; Domozych et al. 2014,
2009). JIM5, a monoclonal antibody (mAB) with specific-
ity toward de-esterified HG, labeled the outer layer of the
CW (Fig. 1c, d, e; Suppl Table 1). Penium secretes and
incorporates new CW components into a narrow zone at
the isthmus that in turn, push older CW toward the two
poles (Fig. 1c). JIM5 labeling also highlighted the distinct
HG lattice projections of the outer CW layer that cover
almost the entire cell surface (Fig. 1e). FESEM (Fig. 1f)
and TEM (Fig. 1g) imaging shows that the outer HG lattice
consists of a network of branched fibers that cover the CW
surface and occasionally rise up off the surface, fuse and
produce distinct projections.

Phenotype changes upon acclimatization to long-
term sorbitol incubation

A major goal of this study was to investigate the ways that
the CW/PM domains and cell adapted to long term expo-
sure (acclimatization) to osmotic stress . We initiated this
work by screening cell and CW alterations in cells growing
in varying concentrations of sorbitol (150–350 mM). For
acclimatization studies, we chose 200 mM sorbitol as it
causes distinct but reversible changes to cells in cultures
24 h to 7 d old. There were 48–72-h-old cultures ultimately
selected for further investigations. Significant changes in
cell shape and CW architecture occured in cells incubated
in 200 mM sorbitol for 48 h or longer. At 72 h of incuba-
tion, cell shape transformed (Fig. 2a) to a highly elongate if
not “filamentous” phenotype. Chloroplast positioning and
general ultrastructure were not notably changed during the
treatments. The most notable alteration was at the isthmus
zone (Fig. 2b), the site of CW expansion. The CW became
highly irregular and the isthmus was filled with dense cy-
toplasm. In cells that divided right before incubation in
200 mM sorbitol, the expanding poles of the daughter cells
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Fig. 1 Cell and CW features. a Penium is an elongate cylindrical unicell
with rounded poles. A central isthmus zone (arrow) is flanked by the two
semi-cells containing the chloroplasts. b The isthmus contains the nucleus
(N) and is the site of CW deposition (arrows) and CW/cell expansion. c
When cells are labeled with JIM5-TRITC and placed back into culture,
newly deposited cell wall growth is observed as dark zones (arrow) in the
isthmus between the labeled wall at the polar zones (see also Domozych
et al. 2014). d JIM5-TRITC labeling of the HG lattice of projections on
the CW surface (black arrow). HG is secreted at the isthmus and pushes
older CWoutward toward the two poles (white arrows). eMagnified view

of the JIM5-labeling HG projections of the outer layer of the CW. f
FESEM image of the HG projections (arrows) that make up the outer
wall layer lattice. Projections arise from a basal layer of CW surface fibers
(black arrow). g TEM imaging of the CW. The outer layer (OL) consists
of the HG lattice. This layer is embedded into a medial layer (ML) that
resides in an inner layer (IL) of cellulose. The adhesive fibrils (AF) of the
cell surface arise from the outer layer. a DIC image, 15.5 μm, b DIC
image, 8 μm, c FLM image, 25 μm, d CLSM image, 12.5 μm, e CLSM
image, 6 μm, f FESEM image, 1.1 μm, g TEM image, 480 nm
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were the sites where cell shape and CW alterations occured
(Fig. 2c). After acclimatization for 96 h or longer, the cells
also became highly vacuolate, most notably at the polar
regions (Fig. 2d). Cells recovered from treatment upon
removal of sorbitol by extensive washing with fresh
growth medium and placement back in culture. We noted
that virtually all cells divide within 12 h but the daughter
cells were approximately 25% +/− 5% smaller than control
daughter cells. This was based on three different counts of

50 recovery cells vs 50 cells from control (untreated) cul-
tures. The daughter cells displayed curving at one semi-cell
(Fig. 2e) and the normal cylindrical shape at the other. We
interpret the former to be the zone where post-recovery
expansion occured and the latter being where the shape
and CW alterations occurred during acclimatization. Cell
division after recovery also occured at the periphery of the
filament-like phenotype and not in the altered cell center
(i.e., at the terminal nucleus of the multinucleate
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Fig. 2 Cell alterations during sorbitol acclimatization. a After 72 h in
200 mM sorbitol, cells expand but do not divide and yield elongate
cells that are “filamentous”. Most notable changes are at the isthmus
(arrows). b The altered isthmus contains the nucleus. (*) and has a
irregular CW (arrows). c In cells that recently divided just before
incubation in sorbitiol, the expanding poles of daughter cells take on
irregular shape (arrows). d Acclimatization for 96 h also causes the cell
to fill with vacuoles (V) most notably at the polar zones. A thick periph-
eral layer of cytoplasm is also noted at the poles (arrows). e When cells
are washed free of sorbitol, cell begin to divide within 12 h. The daughter
cells are approximately 25% shorter than control cells (arrow). f Post-

recovery daughter cells emerge via cell division at the peripheries of the
elongate filament-like cells (arrows). g JIM5 labeled cell treated incubat-
ed for 24 h in 200 mM sorbitol. Note that cell wall expansion continues
durting treatment (arrows). h During acclimatization, mitosis occurs, cy-
tokinesis does not and the daughter nuclei migrate to opposite ends of the
filament (arrows). iCW expansion occurs where the daughter nuclei have
migrated (arrows). j Recovery of cell 24 h after acclimatization in sorbi-
tol. The newHG lattice (white arrows) forms at the isthmus while the CW
formed prior to recovery (black arrows) has an altered lattice. a-f= DIC
images, g-i=FLM images, j= CLSM image. a 50 μm, b 10.7 μm, c 50
μm, d 8.1 μm, e 15 μm, f 30 μm, g 34 μm, h 50 μm, i 50 μm, j 12.5 μm
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phenotype; Fig. 2f). Subsequent cell divisons during re-
covery yielded the typical cylindrical daughter cells.
JIM5 and SYTO9 labeling were used to monitor changes
to CW expansion and positioning of the nucleus. In pre-
cytokinetic desmids, post-mitotic nuclei move to the future
isthmus zones of daughter cells (Domozych et al. 2009).
Cytokinesis then takes place at the isthmus zone of the
parent cell. In this study, cell and CW expansion were
not inhibited by sorbitol incubation (Fig. 2g) and in fact,
new CW expansion rates were 30% +/−5% higher than that
of control cells after 24 and 48 h treatment. Also during
acclimatization, mitosis, and nuclei migration occured
(Fig. 2h) but cytokinesis did not (Fig. 2i). This resulted
in the highly elongate, “filamentous” phenotype. Upon re-
covery treatment, and HG lattice with the typical projec-
tions formed at the isthmus (Fig. 2j). Finally, if post-
recovery cells were placed back in hypersosmotic medium,
the changes to the cell and CW as noted above reoccued.

Sorbitol-induced formation of Hechtian strands

In order to elucidate Hechtian strand formation during sor-
bitol treatment, we incubated cells in 300 mM sorbitol for
1, 3, 10, 60, and 240 min. This was the minimum sorbitol
concentration that caused the strands to form. After 1 min
of treatment, shallow invaginations of the PM appeared
around the cell periphery and contained mostly small mem-
branous units, i.e., Hechtian strands (Fig. 3a; Suppl. Fig 2).
The strands measured 47 +/− 5 nm in diameter with vary-
ing lengths of up to 5 μm (Fig. 3b, c). Actin cables, micro-
tubules or endoplasmic reticulum (ER) were not observed
in these strands. The strands emerged from the PM and
attached to the inner layer of the CW (Fig. 3d). The highest
number of Hechtian strands were observed in cells treated
for 5 min (Fig. 3e, f). We analyzed serial TEM micro-
graphs of 200 nm-sections of 25 cells incubated for
5 min and estimated that 1000–1500 strands are found
per cell. It is important to note though that our counts were
not meant to provide exact numbers of strands as they are
fragile and their numbers do vary over time. Our goal was
simply to provide snapshot of the distinctly large number
of Hechtian strands that form in response to this osmotic
stress. We also measured Hechtian strand frequency on the
PM in 100 nm sections of 25 cells. Strands emerged from
the PM every nm 300 +/- 25 nm (Fig. 3g) and a notable
periodicity emerging just off the PM was apparent (Fig.
3h). After 60 min of incubation, the strands took on a
beaded appearance that most likely represented strand
breakdown (Fig. 3i). Strands were not present after treat-
ments of 120 min or longer. During treatment of 60 min,
invaginations or pockets of circular membrane components
and other inclusions appeared at the cell periphery (Fig. 3j;
see below). Hechtian strand membrane-breakdown

products were likely the source of some of these compo-
nents. In recovery experiments of cell incubated for less
than 60 min in sorbitol, protoplasts expanded quickly and
the determination of the fate of the strands was not
possible.

Sorbitol-induced changes to CW architecture

Sorbitol-induced cell shape alterations were accompanied
by notabable changes to the CW after 24 h or longer incu-
bation.. In those areas surrounding the CW expansion
zone, i.e., the isthmus, the typical outer CW layer contain-
ing the HG lattice was not apparent (Fig. 4a) and also was
thinner than the CW formed prior to incubation (Fig. 4b).
A second distinct feature of acclimatization to sorbitol in-
cubation was the appearance of peripheral thickenings lo-
cated just inside the CW (Fig. 4c). JIM5-labeling revealed
significant changes to the HG lattice during acclimatization
(4 days) including a significant reduction in labeling and
the absence of the outer projections of the lattice (Fig.
4d, e). TEM examination of the altered CW showed that
while the inner and medial CW layers appeared intact, the
outer layer containing the lattice was much reduced and
highly irregular (Fig. 4f). FESEM further revealed that
the altered CW zones contained irregular patches of fibers
that constituted the lattice base interspersed with fiber-free
zones. No projections were noted during acclimatization
(Fig. 4g, h).

The formation of peripheral thickenings during
sorbitol acclimatization

When incubated in 200 mM sorbitol for 24 h, distinct
thickenings appeared between the CW and PM (Fig. 5a).
These thickenings exhibited a developmental pattern. After
5 min or longer of sorbitol incubation, the inclusions were
filled with small membranous components (Fig. 5b) that
most likely were Hechtain strands. After 24 h incubation,
the thickenings contained “matrix” components of a fine
granular consistency that was moderately osmiophillic
(i.e., stained with osmium tetroxide; Fig. 5c). These matrix
inclusions increased in size/number and became branched
(Fig. 5d) after 72 h acclimatization. The thickenings also
expanded inward into the cell and in some cells after 72 h,
were invaded by channels of cytoplasm (Fig. 5e). In some
inclusions formed after 72 h acclimatization, tufts of fibril-
lar material that connect with the inner CW layer became
apparent (Fig. 5f). The fibrils were 4.5 nm in diameter and
did not stain with either Calcofluor or aniline blue, indicat-
ing athe absence of B-glucans. In cells acclimatized for
96 h or longer, the thickenings contained multiple mem-
brane inclusions interspersed with branched matrix materi-
al (Suppl. Fig. 3 a, b, c).

1236 D. S. Domozych et al.



In order to determine the constituents of the thickenings,
we employed immunogold labeling using mAbs that recog-
nize particular CW polymer epitopes. We chose antibodies
that have been successfully used in labeling CW components
in previous studies (Davis et al., 2020; Domozych et al. 2014:
JIM5➔ de-esterified HG, JIM7➔methyl esterified HG, LM6
➔ arabinan, LM15➔ xyloglucan, LM11➔ arabinoxylan,
INRA-RU1➔ rhamnogalacturonan-I or RG-I, CCRC-M80
➔ RG-I and BS400-2➔ ß1-3 glucan). Supplementary
Table 1 provdes a summary of the labeling. To highlight

examples of positive and negative labeling, JIM5 (Fig. 6a)
and BS400-2 (Fig. 6e) did not label the thickenings (see also
Davis et al. 2020, Domozych et al. 2014 for CW labeling
patterns). However, INRA-RU1 weakly labeled while
CCRC-M80 strongly labeled the thickenings (Fig. 6c). In con-
trol cells, CCRC-M80 labeling was found at the interface of
the PM and CW (Fig. 6d) while INRA-RUI labeled the medial
layer of the CW (Fig. 6b; Domozych et al. 2014). Control
labeling whereby the primary mAb was eliminated showed
no labeling (Fig. 6f).
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Fig. 3 Hechtian strand formation.
a After 1 min of incubation in
300 mM sorbitol, Hechtian
strands (arrows) appear in small
invaginations of the plasma
membrane (PM) just interior to
the cell wall (CW). b Each strand
(arrow) is 47 nm +/− 5 nm in di-
ameter. c Strands (arrow) attain
lengths of up to 5 μm and do not
contain ER or cytoskeletal com-
ponents. d Strands (arrows) arise
from the plasma membrane PM
and contact the inner fibrils of the
inner layer (IL) of the cell wall
(CW). The medial layer (ML) is
also present. e The strands are
stable during shorter incubation
times (e.g., 5–20 min). 1500–
2000 of strands (arrows) re esti-
mated in each cell. f A high den-
sity of strands (arrow) make con-
tact with the inner later of the cell
wall (CW) after 5 min incubation.
g After 5 min incubation strands
(arrows) arise from the plasma
membrane (PM). We estimate
that strands are separated by 300
+/− 50 nm. h A regular periodic-
ity of the strands may be observed
just off the plasma membrane
(PM) after 5 min incubation. i
After longer incubation periods
(60–240 min), the strands
(arrows) transform and have a
“beaded” appearance (arrows). j
Strands (arrow) or remnants
thereof are found in the peripheral
invaginations (see also Fig. 5)
situated between the cell wall
(CW) and the plasma membrane
(PM) (black arrow). All images=
TEM, a 1.2 μm, b 45 nm, c 200
nm, d 265 nm, e 2.75 μm, f 1 μm,
g 600 nm, h 630 nm, i 250 nm, j
590 nm
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Changes to endomembrane components during
sorbitol acclimatization

Changes to the ultrastructure of endomembrane components
were also apparent in cells acclimatized for longer than 24 h.

Golgi bodies exhibited distinct in-curling or involution of
trans face cisternae and the trans Golgi network (TGN) be-
came more prominent and increased in size (Fig. 7a). During
acclimatization, the processing of EPS in the Golgi body, as
exemplified by the formation of large swollen peripheries,
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Fig. 4 Sorbitol-induced changes to the CW. a Incubation in 200 mM
sorbitol for 72 reveals significant shape changes of the cell, most
notably and the isthmus. Here, the altered CW (black arrows) lacks a
discernable outer wall lattice and appears thinner than the CW formed
before sorbitol incubation (white arrows). b The cell wall of a ruptured
cell after 72-h incubation shows a distinct difference in thickness and
structure the pre-existing wall (white arrow) with the altered cell wall
(black arrows) formed during sorbitol incubation. cAfter 48-h incubation,
the polar cytoplasm fills with vacuoles (black arrows) and also distinct
thickenings or pockets (white arrow) located just interior to the CW. d
and e JIM5-TRITC labeling of the CW of a cell incubated for 48 h shows
the transformation of the lattice into an irregular coating at the isthmus
zone (d, arrows; e, arrow). The typical lattice formed before incubation is

also observed (*). f TEM image of the altered CW. While inner (IL) and
medial (ML) layers are still present, the outer wall lattice (arrow) is much
reduced and irregular (white arrows). g FESEM image of the transition
from pre-exisiting wall (black arrow) to the altered CW (white arrow)
formed during incubation for 48 h. The lattice is notably reduced and
consists of patches of fiberes interspersed with open areas on the CW
surface. h Magnified FESEM image of the altered CW region. Note the
irregular network of fiber patches (arrows) and open zones on the CW
surface. No projections are formed. a TEM image, 9.7 μm, bDIC image,
9.3 μm, c DIC image, 7.3 μm, d CLSM image, 17 μm, e CLSM image,
5.5μm, f TEM image, 450 nm, g FESEM image 1 μm, h FESEM image,
250 nm

1238 D. S. Domozych et al.



was still apparent (Fig. 7b). Likewise, our observations noted
no major alterations to the number of vesicles found in the
peripheral cytoplasm. However, acclimatized cells possessed
large multi-branched vacuoles just external to the Golgi bod-
ies (Fig. 7c). These vacuoles were more often present at the
isthmus and polar zones (Suppl. Fig 1). Many of these vacu-
oles contained internal membranous components (Suppl. Fig.
3d). Additionally, the cytoplasm was filled with smaller au-
tophagic vacuoles or autophagosomes that contained swirled
membrane components and were often penetrated by, or
contained, channels of cytoplasm (Fig. 7d). Phagophore-like
membranes were also commonly found in these acclimatized

cells (Suppl. Fig. 3e, f). During acclimatization, cytokinesis
did not occur. The region of the isthmus where cytokinesis
typically occurs became filled with small vacuoles, secretory
vesicles and Golgi bodies (Fig. 7e).

Acclimatization in polyethylene glycol (PEG) also
causes significant alterations

We also assessed acclimatization of cells in another common-
ly employed osmotic agent, PEG. We initially screened cells
incubated in PEG with molecular weights (mw) ranging from
3500, 6000, to 15,000–20,000. Fifteen percent PEG-3,500
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Fig. 5 Peripheral thickenings that
form during acclimatization in
200 mM sorbitol. a After 24 h of
incubation, peripheral thickenings
(white arrows) form inside the
plasma membrane (PM) at the
periphery of the cell. During this
time, the positioning of chloro-
plast lobes (C) and Golgi bodies
remain the same as that observed
in control cells but large vacuoles
(V) appear in the peripheral cyto-
plasm. b During early develop-
ment of the inclusions (5-240
min), numerous Hechtian strands
or remnants thereof are found in
inclusions. Note the attachement
of thesemembranous components
to the plasma membrane (PM) or
inner layer of the cell wall (CW,
white arrows). c After 24 h or
longer, the thickenings contain
the strand remnants (white arrow)
and a slightly electron dense, ho-
mogenous inclusion (black ar-
row). The plasma membrane
(PM) and cell wall (CW) are also
apparent. d After 72 h, the inclu-
sions (arrows)of the thickenings
are found in large branched con-
figurations. The thickening are
also notably larger. e After 72 h
incubation, the thickenings (white
arrow) increase in size and are
often penetrated by channels of
cytoplasm (black arrow). f After
72 h incubation, some of the in-
clusions also conatin bundles of
parallel fibrils (arrow). These fi-
brils appear to extend into the in-
ner layer of the cell wall (CW).
All images= TEM. a 2.4 μm, b
320 nm, c 800 nm, d 1.7μm, e 1.5
μm, g 125 nm
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mw PEG was chosen as it produced consistent and relatively
rapid results. Cells continued to expand when incubated in
15% PEG-3500 mw in WHS for up to 7 days. After 72 h of
incubation, the center of the cell and isthmus zone broadly
swelled (Fig. 8a). JIM5-labeling of PEG habituated cells
showed that cell expansion still occured but the formation of
the HG lattice during acclimatization was much reduced or
even absent (Fig. 8b). Like sorbitol acclimatization, there
was a 30% +/− 5% increase in new CW surface area than that
observed in control cells. When allowed to recover, the HG
lattice was produced at the isthmus or expanding pole of di-
viding daughter cells within 12 h (Figs. 8c, d). TEM analysis

of PEG-habituated cells highlighted the loss of the HG lattice
(Figs. 8e, f) . Only the inner and medial wall layers were found
in altered zones (Fig. 8g). FESEM highlighted the loss of the
HG lattice on the wall surface (Fig. 8e).

Discussion

The emergence onto, and successful colonization of, a terres-
trial habitat by an ancestor of zygnematophycean algae 500+
mya was a major step in the evolution of land plants and the
subsequent transformation of the planet’s natural history. The
transition from aquatic to terrestrial life required numerous
adaptations to counteract new stressors including increased
illumination (e.g., light saturation, UV light) and exposure to
high concentrations of atmospheric gases (e.g., CO2, O2);
Furst-Jansen et al. 2020; De Vries and Archiblad, 2018;
Delwiche and Cooper 2015, Herburger et al. 2015). Many
ancient zygnematophytes, as well as many of their extant
progeny, likely lived in shallow freshwater wetlands that ex-
perienced periods of drying and consequently, osmotic stress.
These algae had to adapt efficiacious structural and physio-
logical mechanisms that allowed them to rapidly respond and
acclimatize to osmotic stress over significant periods of time.
Recent molecular studies of extant zygnematophytes and oth-
er charophytes have shown that the genetic machinery for
copingwith the challenges of terrestrial life, including osmotic
stress and desiccation, were most likely present prior to colo-
nization of terrestrial habitats (Wang et al., 2020b; Jiao et al.
2020; Furst-Jansen et al., 2020; Rensing 2018; Harholt et al.
2016; Holzinger and Karsten 2013). Over the past several
decades, Ursula Lütz-Meindl ’s and co-workers’ elegant stud-
ies of the cellular, biochemical and ecophysiological mecha-
nisms for responding to various stressors in zygnematophytes
have similarly provided valuable insight into acclimatization
strategies of these algae (Lütz-Meindl 2016). Recent investi-
gations of land plant cell acclimatization to osmotic and other
abiotic stressors have clearly shown that stress sensing and
initiation of signal transduction networks for stress response
are often focused at the CW and PM (Rui and Dinneny, 2020;
Novakovic et al. 2018; Wang et al. 2016: Tenhaken 2015).
Presently, we are only just beginning to elucidate CW/PM
responses to abiotic stress in zygnematophytes (Jiao et al.
2020; Herburger et al. 2019). This study highlights key sub-
cellular events that occur in response to osmotic stress in the
model zygnematophyte, Penium.

General observations

Sorbitol incubation was chosen as the main experimental
agent for inducing osmotic stress. It is non-toxic and “versa-
tile” in that it was most effective for observing Hechtian
strands when used at 300 mM concentration and for
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Fig. 6 Immunogold labeling of the peripheral thickenings. JIM5 (a) and
BS 400-2 (e) do not label the components of the thickenings (arrow). (b)
INRA-RUI, a mAb that binds to RGI epitopes weakly labels the periph-
eral thickening (circles) as well as the cell wall (CW) and medial layer
(ML, black arrows). c The RGI-binding mAb, CCRC-M80, labels the the
interior of the thickening (arrows). d In control cells, CCRC-M80 labels
the interface region between the PM (arrow) and cell wall (CW). fControl
experiment where primary antibody was excluded shows no labeling
(arrow). All images = TEM, a 530 nm, b 320 nm, c. 400 nm , d 350
nm, e 300 nm, f 500 nm
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monitoring acclimatization events in cells over for up to 7 d at
lower concentrations (200 mM). For the latter, the major ef-
fects of sorbitol treatment (e.g., peripheral thickenings, chang-
es to vacuoles, appearance of autophagy compartments) ap-
peared at 24 h and increased incrementally for up to 7 days
(e.g., larger vacuoles, increased size of peripheral thicken-
ings). After 7 days, cells entered into a senescence phase.
The concentration of sorbitol needed to induce cellular chang-
es in Penium was much lower than that required for field
collected samples (Kaplan et al., 2012a, b). Determination as
to whether this was simply a unique feature of log phase
laboratory cultures or if it represents an actual higher sensitiv-
ity of Penium to osmotic stress is not yet known. TEM imag-
ing was chosen as the main microscopy tool as the unicellular
Penium is conveniently fixed for TEM via spray freezing-
based cryofixation and freeze substitution. This allowed for

the rapid screening of a large set of treated cells that yield
“snapshots” of key acclimatization events. We also incubated
cells in PEG, an agent commonly used for simulating osmotic
stress in plants (Ji et al. 2014; Lang et al. 2014; Rao and FTZ,
2013), in order to compare its acclimatization responses with
those obtained with sorbitol. As with sorbitol treatment, PEG
acclimatization transforms the architecture of the CW, inhibits
cytokinesis and yields elongate cells. For both, expansion
rates based on CW surface area covered by new HG lattice
(Domozych et al. 2009) are notably greater than that of control
cells. Unlike treatment with sorbitol, PEG treatment does not
result in the formation of Hechtian strands or at least ones that
were stable enough to allow for TEM processing. Likewise,
PEG acclimatization results in the swelling of cells at the cell
center versus the production of a highly irregular CW ob-
served during sorbitol treatment. No peripheral thickenings
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Fig. 7 Subcellular changes that
occur during acclimatization. a
After 24 h of incubation, Golgi
body cisternae displayed notable
involution or incurling at the trans
face (t). The trans Golgi network
(TGN, arrow) is larger and more
pronounced in treated cells. The
cis (c) face is apparent. b During
sorbitol acclimatization (24 h),
Golgi bodies still produce
extracellular polymeric substance
(EPS) materials as exemplified by
the production of large swollen
peripheries of the cisternae (ar-
row). The cis (c) and trans (t)
faces are also apparent. c The pe-
ripheral cytoplasm during accli-
matization (24 h) contains large
branched vacuoles (V, arrows). d
Additionally, distinct vacuoles,
most likely autophagic vacuoles
or autophagosomes (white arrow)
are commonly found in the cyto-
plasm after 24 h of treatment.
Cytoplasm penetrates or is in-
cluded in these vacuoles (black
arrow). e Cytokinesis does not
occur during axcclimatization. In
the zone where the cytokinetic
apparatus is normally found, the
cytoplasm becomes filled with
secretory vesicles (white arrows),
small vacuoles (black arrows) and
Golgi bodies (G). All images=
TEM, a 500 nm, b 625 nm, c 2.8
μm, d 120 nm, e 1.5 μm
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are observed, the Golgi bodies show little if any structural
change and few if any of the large vacuoles (e.g., peripheral
vacuoles) or autophagic vacuoles are observed with PEG
treatments. Significant differences in response to sorbitol ver-
sus PEG treatment are not surprising and have been well doc-
umented in plants (Osmolovskaya et al. 2018; Slama et al.
2007; Hsu and Kao 2003; Shao et al. 2015). Sugar alcohols
like sorbitol readily penetrate the cell and become involved in
cell metabolism while PEG does not penetrate and is inert.
These features most likely account for the differences in re-
sponse between sorbitol and PEG in Penium.

Hectian strands

The physiology of osmotic stress has been a major subject of
interest in plants especially for agriculturally important taxa that
live in habitats that experience low water conditions. Recent
molecular dissection of stress-induced plant cells has

significantly enhanced our understanding of the cell, tissue, and
organ response mechanisms and acclimatization strategies to this
stress (Gupta et al. 2020; Feng et al. 2016). Cell biology-based
investigations have demonstrated that in many plant cells,
microzones of the PM strongly adhere to the CW during plas-
molysis caused by osmotic stress. This results in the formation of
thin connections or Hechtian strands (Hecht 1912; Yoneda et al.
2020) between the CW and PM that range in size between 30
and 250 nm in diameter (Cheng et al. 2017; Baluska et al. 2003).
The function of Hechtian strands remains incompletely resolved
(Liu et al. 2015; Buer et al. 2000; Pont-Lezica et al. 1993). It has
been suggested that they serve as a reservoir of PM during plas-
molysis and during de-plasmolysis, they provide an orderly res-
toration of cell and PM function. The strandsmay also play a role
in the maintenance of cell polarity by limiting slippage of the
cytoplasm against the CW. The connection points of the strands
to specific loci of the CW may also serve as a means for certain
PM proteins to retain their location along the cell surface.

Fig. 8 Acclimatization effects of PEG (mw 3,500) and NaCl. a Cell
habituated for 72 h in PEG exhibiting swollen cell center (arrow). b
JIM5-labeling of a cell incubated for 48 h in PEG reveals the weak
labeling at the swollen central zone of the cell (arrow). The CW formed
before incubation contains the distinct HG lattice (*) of the outer CW. c
Recovery of HG lattice (white arrow) at the isthmus. The altered CW
formed during PEG treatment (black arrow) and the CW formed before
PEG incubation (*) are also noted. d Recovery of HG lattice (white
arrow) at the isthmus. d Recovery of the HG lattice at the tip of the pole
a daughter cell just after cell division. The altered CW formed during
PEG treatment (black arrow) and the CW formed before PEG

incubation (*) are also noted. e TEM image of transition zone between
pre-existing CW (white arrow) and the CW formed during PEG treatment
(black arrow). The lattice is missing from the altered CW. f Magnified
view of the altered CW of a PEG-treated cell. Note that while the HG
lattice is missing (white arrow) but the medial (ML) and inner (IL) layers
are present. g FESEM image of the interface of altered and pre-existing
CW in cell habituated in PEG. Note the absence of the lattice (white
arrow) in the altered CW versus the pre-existing wall (black arrow) that
contains the lattice. a DIC image, 35 μm, b CLSM image, 11.4 μm, c
CLSM image, 17 μm, d CLSM image 12.5 μm, e TEM image, 4.5 μm, f
TEM image, 2.6 μm, g FESEM image, 2.2 μm
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Penium rapidly forms Hechtian strands upon exposure to
sorbitol-based osmotic stress and plasmolysis of the proto-
plast. Within 1 min of incubation in 300 mM sorbitol, plas-
molysis begins and the protoplast initiates retraction from the
CW. Hechtian strands appear and elongate upon further
shrinkage of the protoplast. Subsequently, the space between
the protoplast and CW fill with an estimated 1000–1500
Hechtian strands. The strands emerge at approximately
300 nm intervals off the PM and in an ordered pattern.
While Hecthian strands in many plant cells are associated with
ER or cytoskeletal components (Cheng et al. 2017), there was
little evidence for. ER, actin filaments or microtubules in the
strands of Penium, an observation also noted in a previous
study of the zygnematophyte, Closterium acerosum
(Domozych et al. 2003). In another zygnematophyte,
Zygnema, osmotic stress-induced vesicular structures were al-
so found in periplasmic spaces (i.e., very likely remnants of
these strands) and they also did not contain cytoskeletal ele-
ments (Kaplan et al. 2012b). The absence of ER and cytoskel-
etal components in the Hechtian strands of zygnematiophytes
may be a result of their high lability during plasmolysis.
Further analysis will be required to resolve this.

What are the possible functional roles of Hechtian strands
in Penium? The attachment of specific PM zones to the CW is
the basis of strand formation. This attachment in higher plants
has been thought to be mediated by various proteins including
GPI (glycosylphosphatidylinositol)-anchored proteins,
integrin-like proteins, receptor-like kinases, wall associated
kinases and arabinogalactan proteins or AGPs (Lopez-
Hernandez et al. 2020; Liu et al. 2015; Tenhaken 2015;
Lang et al. 2014, 2004). These proteins function as CW integ-
rity (CWI) sensors that recognize changes in the mechanical
properties of the CW. CWI sensors and signal recptors located
at the PM transduce signals and send them into the cytoplasm
to initiate changes in the CW in order to maintain integrity and
cellular function (Novakovic et al. 2018). Some CWI sensors
are also involved in the cell’s secretory apparatus (e.g.,
vesicle-PM recognition and fusion events) and CW
deposition/biosynthesis (Liu et al. 2015; Baluska et al.
2003). Recent studies (Lopez-Hernandez et al. 2020;
Lamport et al., 2018) have also interpreted the components
of Hechtian strand adhesion zones at the CW to be force
transducers that couple internal stress in growing CWs to the
PM. The strands are associated with CWAGP and form a type
of “capacitor” that effects cytosolic Ca2+ oscillations that in
turn, control CW polymer secretion and polymer incorpora-
tion in the CW. Palacio-Lopez et al. (2020) recently demon-
strated that AGP is a component of the Penium CW and is
found in thin fibrils coating the outer HG lattice of the CW.
The major function of this AGP is cell adhesion. However, the
presence of the AGP-fibrils over the entire CW surface sug-
gests that they may have a mechanosensory role as well. For
example, Penium is often found in shallow wetlands that

frequently experience considerable evaporation during sum-
mer periods. In laboratory experiments that mimic low water
conditions conditions of these wetlands (Jiao et al. 2020),
Penium secretes large amounts of a polysaccharide-based
EPS or mucilage. This hygroscopic material encoats the cell
most likely as a way to retain water during drying periods as
well as for “fueling” the cell’s gliding mechanism (Domozych
et al. 2020, Palacio-Lopez et al. 2019). EPS is synthesized in
the Golgi Apparatus and transported to the peripheral cyto-
plasm in large vesicles. These vesicles circulate around the
cell via actin-mediated cytoplasmic streaming. That is, a ready
supply of EPS constantly circulates just under the PM. The
release of EPS (i.e., fusion of EPS vesicles with the PM) from
the cell can occur at any point of the cell surface in response to
specific external signals. If Peniummakes contact with a sub-
strate and adheres to it via its AGP fibrils, an associated mech-
anism may also be triggered to activate EPS secretion at cer-
tain surface loci in order to encoat the cells with EPS or to
“fuel” the gliding of the cell to particular sites on a substrate
(Domozych et al. 2020). These localized secretion events
would require the rapid activation of specific EPS vesicle-
fusion sites on the PM at particular zones of the cell surface.
The large number of CW-PM adhesion sites identified by
Hectian strand formation may represent Penium’s complex
“circuitry” of specific protein aggregates that facilitate EPS
vesicle fusion with the PM. The AGP fibrils on the CW sur-
face may be the initial signal receptors that initiate a commu-
nication conduit through the CW to these specific PM sites.
We might posit then that the AGP fibrils on the CW surface
“sense” osmotic stress. A signal is then sent through the CW
to these special PM sites that then activate EPS vesicle-PM
binding/tethering that in turn, facilitates EPS vesicle fusion
with the PM and the subsequent extrusion of this mucilage
through the CW. Alternatively, the PM-CW adhesion sites
may serve as structural braces that stabilize PM association
with the CW during rapid EPS secretion (i.e., the vesicle fu-
sion sites are at zones not marked by the CW-PM adhesion
zones). For example, during initial plasmolysis in Closterium
acerosum, TEM imaging shows that PM-CW adhesion sites
of the PM to the CW during early Hechtian strand formation
are positioned next to but not at the pores that decorate the CW
(Domozych et al. 2003). These pores are the sites for the
extracellular release of EPS. Penium does not possess CW
pores but secretes EPS directy through its CW. The resolution
of the components of the PM-CW adhesion sites and their
functional roles in EPS secretion Penium await further study.

The CW and cell shape are altered by acclimatization
to osmotic stress

Penium margaritaceum possesses a distinct Ca2+-complexed
HG lattice in the outer layer of its CW (Palacio-Lopez et al.
2020, Domozych et al . , 2014, 2007). During an
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acclimatization period while in sorbitol- or PEG-containing
growth medium, significant changes to the HG lattice occur.
Sorbitol treatment results in a transformation of the lattice into
an irregular series or patches of HG fibers on the CW surface
and the absence of the typical lattice projections. PEG treat-
ment results in a complete loss of all components of the HG
lattice. These changes to the CW architcture complement the
growing pool of evidence that highlights the structural and
biochemical alterations to the CW caused by abiotic stress
exposure in land plants (Vaahtera et al. 2019; Novakovic
et al. 2018; Wang et al. 2016: Tenhaken 2015) as well as in
charophytes (Palacio-Lopez et al. 2020; Herburger et al.,
2019, 2018, 2015; Lütz-Meindl 2016). In charophytes, these
include changes to the structure/function of pectins (Palacio-
Lopez et al. 2020; Herburger et al. 2019; Domozych et al.
2014), cellulose (Ochs et al. 2014), noncellulosic polysaccha-
rides (i.e., NCPs, e.g. hemicelluloses; Herburger et al. 2018),
and other CW components (Lütz-Meindl 2016) including ß1-
3 glucans (i.e., callose; Herburger and Holzinger 2015). In
Penium, the HG lattice alterations are accompanied by chang-
es to cell shape, an increase in cell expansion rates and a
cessation of cytokinesis. Removal of the entire HG lattice by
PEG incubation results in a general swelling at the isthmus
while the incomplete removal of the lattice by sorbitol incu-
bation causes little or no swelling but irregular shape changes
at the isthmus. In both osmotic agents, the cells maintain a
general cylindrical shape. These observations indicate that the
HG lattice is not the primary architectural component of the
CW that maintains the cylindrical cell shape. Previous work
(Palacio-Lopez et al. 2020) has demonstrated that most chem-
ical and enzymatic treatments that compromise the HG lattice
do not the affect general cylindrical cell shape. However, in-
cubation of cells in the microtubule-affecting agents, oryzalin
and APM, that most likely affect cellulose microfibril forma-
tion at the isthmus, cause significant swelling leading to the
mainfestaion of a spherical shape at the isthmus (Palacio-
Lopez et al. 2020; Domozych et al., 2014). These observations
indicate that the inner cellulosic layer of the CW of Penium is
the primary shape-maintaining structural component of the
CW. However, the results of our study also suggest that the
HG lattice may contribute secondarily to maintaining cell
shape. When fully formed in untreated cells, the lattice con-
sists of branched, interlocking Ca2+-complexed HG fibers that
cover the entire CW surface. If the lattice is completely re-
moved from the expanding CW as in PEG-induced osmotic
stress, the inner cellulosic layer maintains the general cylin-
drical shape. However, the absence of the interlocking fiber-
network of the HG lattice contributes to some of the CW’s
structural resistance to internal turgor pressure during expan-
sion and results in a general swelling at the isthmus. When
incubated in sorbitol-containing medium, the partially formed
HG lattice results in CW zones of varying rigidity and expan-
sion resistance. Those areas that have interlocking lattice

components maintain CW resistance to internal pressure but
surrounding lattice-free zones do not and yield to the pressure.
This results in the irregular CW structure and cell shape at the
isthmus. Alternatively, it has been recently shown (Haas et al.
2020; Zhang and Zhang 2020) that CW expansion may be a
function of pectin nanofibril dynamics (e.g., methylation
state) and not of a turgor-driven mechanism. Perturbation of
this nanofibril behavior by osmotic stress in Penium may re-
sult in disruption of normal CW polymer interactions at the
CW expansion zone and the subsequent changes to CW and
cell shape.

This study also reveals that during acclimatization in os-
motic agents, cell expansion is notably greater than that ob-
served in control cells and cytokinesis ceases. We estimate
that cells incubated in 200 mM sorbitol for 24, 48, and 72 h
had approximately 30% more new CW surface area than that
seen in control cells. This leads to highly elongate cells that, in
the case of sorbitol-treated cells, results in a “filamentous”
phenotype. In most plant cells and tissues, osmotic stress ini-
tially stops or reduces expansion (Rui and Dinneny, 2020;
Novakovic et al. 2018) but after an acclimatization period,
expansion returns. In Penium, we noted that the increased rate
of expansion in sorbitol- and PEG-treated cells begins within
24 h of incubation and therefore shows that acclimatization to
osmotic stress occurs much more rapidly than that observed in
land plants. Penium’s response to osmotic stress most likely
includes both resumption of its CW biosynthesis/secretion
apparatus in order to continue expansion as well as a cessation
of cytokinesis, a phenomenon that has also been demonstrated
in plants during periods of abiotic stress (Tang et al 2011). The
resulting filamentous phenotype exhibited in Penium may
constitute an effective means of increasing CW surface area
that subsequently enhances absorption of water. For example,
in cells at the edge of a shallow wetland that is experiencing
drying, the formation of the elongate phenotype would in-
crease the chances of maintaining at least part of the CW in
water that can then be absorbed to maintain normal cell func-
tioning (anti-plasmolysis response).

Sorbitol acclimatization and the formation of
peripheral thickenings

During acclimatization, distinct peripheral thickenings are
formed between the CW and PM. During short-term incuba-
tion in sorbitol, the thickenings consist of an invagination of
the PM that contain membranous components. Some are at-
tached to the PM or CW. We interpret these membranes as
Hechtian strands or remnants thereof. After longer acclimati-
zation periods, the thickenings expand throughout the cell
periphery and in some cases, are penetrated by cytoplasm.
These thickenings also contain membranous components that
may include remnants of Hechtian strands. However, some
membrane profiles also resemble paramural vesicles that are
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found in the appositions or papillae in the peripheries of plant
cells when under fungal pathogen attack (Li et al. 2018; An
and van Bel, 2007, An et al., 2006). Likewise, aggregations of
vesicles or “multivesicular” compartments between the PM
and CW have been described in plant cells not under stress.
These have been postulated to be a an exocyst-like or -based
release of autophagous membrane components outside the
PM as a means to remove excess membrane from the cell
(Cui et al. 2020; Zhang et al. 2019; Overdijk et al., 2020;
Pecenková et al. 2018, Lin et al. 2015). In this study, we also
describe multiple autophagous components that appear at the
same time as the thickenings (see later). It is possible that these
peripheral thickenings may be products of a hyper-expulsion
mechanism of autophagous membranous components that
form during acclimatization to osmotic stress.

These thickenings also contain a branched granular matrix
that is moderately osmiophilic. These are similar in appear-
ance to the constituents of CW appositions found in various
plant cells that have been shown to contain CW components
like callose, proteins, inorganic materials and lignin (Collinge,
2009; LeRoux et al., 2011). Our immunogold labeling of the
Penium thickenings demonstrate that they do not contain HG,
xyloglucan, xylan, AGP or callose and our labeling with
Calcofluor show that they do not contain cellulose (data not
shown). However, two RG-I binding mAbs, CCRC-M80 and
INRA-RU1 do label the thickenings. In control cells, CCRC-
M80 labels the interface of the CW and PM and in sorbitol
acclimated cells, the mAb labels the thickenings. INRA-RU1
labels the medial layer of the CW and also weakly labels the
thickenings. The different levels of labeling are most likely
due to different epitope recognition by the mAbs. However,
this labeling shows that RG-I is a constituent of the thicken-
ings. In a previous study (Domozych et al. 2014), RG-I was
also shown to be located in the medial CW layer of Penium
and is connected to/anchors the the HG lattice of the outer CW
layer. During cell expansion, RG-I is also incorporated into
the CW architecture prior to the deposition and formation of
the HG lattice. How then might the presence of RG-I in the
thickenings be explained? It is possible that during sorbitol
acclimatization, as PM pulls away from the CW, RG-I is re-
leased from the PM and into the spaces that will contain the
peripheral thickenings (i.e., not the CW). The lack of RG-I in
the expanding CW would then alter deposition and incorpo-
ration of the HG and result in the irregular lattice.. Another
possibility is that the reduction of turgor pressure restricts or
inhibits recycling of CW precursors at the CW expansion zone
that are, in turn, deposited in the space between the PM and
CW. Our results add to the growing pool of data that show
pectins being directly affected by abiotic stress (Yang et al.
2020; Bilska-Kos et al. 2017).

The granular matrix of the peripheral thickenings most
likely contains other biochemical consituents such as
osmolytes. Osmotic stress is known to trigger the biosynthesis

and accumulation of osmolytes in plants and green algae
(Holzinger and Karsten, 2013). It is likely that the production
of osmolytes during osmotic stress must be regulated and their
release to the peripheral thinckening may be a manifestation
maintaining a critical balance..

Sorbitol treatment causes changes to the
endomembrane system

The endomembrane system of plants has been shown to mod-
ulate both structurally and functionally in response to abiotic
stress (Wang et al. 2020b). Central to the processing (i.e.,
synthesis, packaging and transport to the cell surface) of the
CW and other extracellular matrix components is the Golgi
Apparatus. Penium’s Golgi Apparatus is composed of 125–
150 Golgi bodies per cell that are are positioned in disitnct
linear arrays in cytoplasmic valleys and are responsible for
processing CW and EPS components (Domozych et al.
2020). When acclimatized to sorbitol-induced osmotic stress,
the Golgi bodies display notable in-curling or involution of the
trans face cisternae and the increased appearance of TGN
components. However, the presence of swollen cisternal pe-
ripheries (i.e., precursors to EPS vesicles) and the enhanced
expansion of the CW during acclimatization indicates that the
Golgi Apparatus still functions. Likewise, our observations
did not reveal any notable changes to vesicle number in the
cell periphery or changes to EPS secretion. The HG lattice
though was significantly altered during acclimatization to os-
motic stress and may be indicative of both quantitative and
qualitative alterations to the pectin processing machinery in
the secretory membrane trafficking network. That is, a de-
creased level of HG processed by the Golgi Apparatus and/
or changes to HG chemistry during processingmay be respon-
sible for the production of the altered HG lattice during sorbi-
tol treatment or the absence of the lattice during PEG treat-
ment. Recent mining of Penium’s genome (Jiao et al. 2020)
has revealed a very large number of pectin processing/
modulating genes and further investigation of specific pectin
gene(s) expression during acclimatization should provide sig-
nificant insight into CW polymer responses to abitotic stress.

Sorbitol acclimatization results in transformation of the
cell’s vacuolar components. First, after 24 h or longer incuba-
tion, smaller autophagic vacuoles or autophagophores along
with phagophore-like membranous components appear in the
cytoplasm. Second, the network of large vacuoles that reside
in the peripheral cytoplasm (see Domozych et al. 2020) in-
crease in size and branching. During longer incubation pe-
riods, these vacuoles contain various membranous constitu-
ents. We interpret these vacuolar changes as being manifesta-
tions of macroautophagy that is commonly observed in plants
and other eukaryotes (Qi et al. 2020; Zeng et al. 2019; Ding
et al. 2018; van Doorn and Papini 2013). It is likely that long
incubation periods of cells under osmotic stress conditions
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may signal the onset of programmed cell death, i.e., a devel-
opmental event often accompanied vacuolar changes and
macroautophagy (Zheng et al. 2019; Affenzeller et al.
2009a, b). Autophagy is a process that sends damaged organ-
elles to the vacuole for degradation or storage and is activated
during abiotic stress and/or as part of programmed cell death.
Autophagy is the cell’s way of maintaining homeostasis via
controlled recycling. It is also a mechanism that regulates
sugar and other nutrient levels in plant cells (van Rensburg
et al. 2019; Masclaux-Daubresse et al. 2017). Our results with
Penium indicate that sorbitol-induced stress activates the au-
tophagy network and may be a response for acclimatizing the
the input of large amounts of a sugar alcohol.

Conclusion

Acclimatization to osmotic stress results in multiple and signif-
icant alterations to the CW-PM domains and endomembrane
system of Penium. This includes production of Hechtian
strands, changes to CW architecture and cell shape, the forma-
tion of distinct peripheral thickenings and alterations to
endomembrane components of the cell. These subcellular mod-
ulations most likely were important mechanisms that ancient
zygnematophytes employed when colonizing land.
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