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Abstract
The algae Micrasterias with its star-shaped cell pattern is a perfect unicellular model system to study morphogenesis. How the 
indentations are formed in the primary cell wall at exactly defined areas puzzled scientists for decades, and they searched for 
chemical differences in the primary wall of the extending tips compared to the resting indents. We now tackled the question 
by Raman imaging and scanned in situ Micrasterias cells at different stages of development. Thousands of Raman spectra 
were acquired from the mother cell and the developing semicell to calculate chemical images based on an algorithm finding 
the most different Raman spectra. Each of those spectra had characteristic Raman bands, which were assigned to molecu-
lar vibrations of BaSO4, proteins, lipids, starch, and plant cell wall carbohydrates. Visualizing the cell wall carbohydrates 
revealed a cell wall thickening at the indentations of the primary cell wall of the growing semicell and uniplanar orientation 
of the cellulose microfibrils to the cell surface in the secondary cell wall. Crystalline cellulose dominated in the second-
ary cell wall spectra, while in the primary cell wall spectra, also xyloglucan and pectin were reflected. Spectral differences 
between the indent and tip region of the primary cell wall were scarce, but a spectral mixing approach pointed to more cel-
lulose fibrils deposited in the indent region. Therefore, we suggest that cell wall thickening together with a denser network 
of cellulose microfibrils stiffens the cell wall at the indent and induces different cell wall extensibility to shape the lobes.
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Introduction

The question of how a plant cell achieves its shape is central 
for basic cell biological research, and applied sciences, as 
morphogenesis of a single cell finally determines the shape 
of tissues and organs. Numerous studies have therefore 
focused on genetic and cytoplasmic regulation of morpho-
genesis in different model systems. The algae Micrasterias 
with its two inversely arranged semicells forming a star-
shaped, highly symmetric cell pattern has turned out to be a 
very appropriate model system for studying such processes 

(Lütz-Meindl 2016; Meindl 1993; Meindl and Kiermayer 
1981). Micrasterias belongs to Streptophyta (or, in other 
words, to the streptohytan lineage of the Viridiplantae) and 
with its close genetic relationship to higher plants (Leli-
aert et al. 2012; Wodniok et al. 2011), a cell size of about 
200 μm, and its uncomplicated cultivation (Schlösser 1982), 
it is a perfect plant-model system.

After mitosis, cell shape in Micrasterias forms simul-
taneously in the two developing semicells that arise from 
the separation of the old halves of the original cell by cen-
tripetal growth of a septum wall. While at the beginning of 
morphogenesis the young semicells represent undifferenti-
ated flat bulbs, first indentations are formed about 75 min 
after mitosis by a sudden stop of growth in two exactly 
defined, symmetrically arranged areas at the primary cell 
wall (Meindl 1993). This leads to the formation of the first 
indentations that become the deepest ones at the final cell 
shape. This process of growth cessation at exactly defined 
areas is repeated several times during morphogenesis 
of Micrasterias until the final shape and size is reached, 
about 5 h after the onset of mitosis. At this point, the young 
semicell approximates a mirror-image of the old one with 
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species-specific indentations of different depth and typi-
cal denticulated lobe tips. A rigid cellulose-rich secondary 
wall is deposited as soon as morphogenesis is completed and 
the primary wall is finally pushed off by a sudden onset of 
mucilage excretion through the cell wall pores (Lütz-Meindl 
2016).

How this complex morphological differentiation of a sin-
gle cell is achieved has puzzled scientists for decades. Three 
growth processes—tip growth, branching, and lobe broaden-
ing—interplay and result in the many different cell shapes 
in desmids (Lacalli 1975). In Micrasterias, already several 
players and regulators have been identified, but numerous 
questions are still unanswered. Early studies by Kiermayer 
(1964) have shown in turgor-reduced cells that a pre-pattern 
for morphogenesis of Micrasterias is present at the plasma 
membrane, indicating that the crucial steps for morphogen-
esis happen at the cell periphery and not inside the cell. This 
may be the plasma membrane carrying particular receptors for 
vesicle membranes that deliver cell wall material, on the one 
hand, and the cell wall itself with characteristic physical prop-
erties that allow an extension, on the other hand. Additionally, 
stage-specific switching of dictyosomes for the production of 
cell wall vesicles of different compositions has been suggested 
as the basis for morphogenesis (Meindl 1993; Meindl and 
Kiermayer 1981). The vesicle contents have been identified 
mainly as different combinations of low and highly esteri-
fied pectins, arabinogalactan proteins, and hemicelluloses by 
immuno-TEM methods (Brosch-Salomon et al. 1998; Eder 
and Lütz-Meindl 2008; Eder et al. 2008; Lutz-Meindl and 
Brosch-Salomon 2000). They deliver material to the growing 
wall and thus tailor the chemical composition of the cell wall 
and its physical abilities (Lütz-Meindl 2016).

TEM analysis of high-pressure frozen and cryo-substi-
tuted Micrasterias cells has shown that fusion of vesicles 
containing primary cell wall material occurs only in growing 
areas of developing cells but not at the indentations (Meindl 
et al. 1992). The vesicle fusion zones during growth are 
defined by local Ca2+ influx (Meindl 1982) and the actin 
cytoskeleton but not the microtubule system (Holzinger et al. 
2002; Pflügl-Haill et al. 2000; Schmid and Meindl 1992). 
Any disturbance of the actin cytoskeleton or product forma-
tion at the dictyosomes leads to cell shape malformations. 
The fact that vesicles fuse not in the area of the indenta-
tions as soon as shaping starts has led to the suggestion that 
growing and non-growing wall segments may have differ-
ent chemical and/or physical properties. These differences 
might affect the extensibility of the primary cell wall during 
growth and might thus represent the basis for morphogenesis 
(Lütz-Meindl 2016).

While biochemical, immuno-cytochemical studies and 
TEM-coupled electron energy loss spectroscopy (EELS) on 
Micrasterias cells have shown no differences in the chemi-
cal composition of growing and non-growing primary wall 

segments (Eder and Lütz-Meindl 2008; Eder et al. 2008), 
very early studies by Ueda and Yoshioka (1976) visual-
izedthicker layers of cellulose in the indentations when com-
pared to the tips by Calcofluor staining. We now applied 
confocal Raman microscopy to gain better insights into the 
cell shaping process and the involvement of the cell wall.
in.ing. Across the whole Micrasterias cell, Raman spectra 
were acquired and used for chemical imaging. This was pos-
sible as the detected inelastic scattering represents molecu-
lar vibrations, and thus, each spectrum at each pixel was 
a molecular fingerprint of Micrasterias. We scanned the 
old and developing semicells of dividing Micrasterias, and 
based on thousands of acquired Raman spectra, we imaged 
the distribution of organelles and cell constituents such as 
minerals, lipids, proteins, starch grains, and the primary and 
secondary cell walls. With multivariate spectral data analysis 
(unmixing and mixing approaches), we tackled the question 
whether chemical and/or structural changes in the cell wall 
might be responsible for the shaping of the lobes.

Material methods

Algal cultures

Micrasterias cells were cultivated in Erlenmeyer flasks in 
liquid Desmidiacean medium (Schlösser 1982) under semi-
sterile conditions. Cells were kept at 20 ± 1 °C at a pho-
toperiod of 14-h light:10-h dark. Cells were sub-cultured 
every 4–6 weeks, and 3- to 4-week-old cultures were used 
for experiments.

Raman spectroscopy

Micrasterias cells were transferred on glass slides within 
a drop of water. A coverslip was carefully put on top and 
sealed with nail polish. In every prepared sample, we 
searched for different developmental stages to further acquire 
Raman spectra data sets using a confocal Raman microscope 
(Alpha300RA, WITec GmbH, Germany) equipped with a 
linear polarized VIS laser (λex = 532 nm). The laser power 
was set to 20 mW and directed via a 100 × oil immersion 
objective (numerical aperture (NA) = 1.4, coverslip correc-
tion 0.17 mm; Carl Zeiss, Germany) onto the sample. The 
Raman signal was backscattered through the same objective, 
directed through an optic multifiber (50 μm diameter) to 
the spectrometer (600 g mm−1 grating; UHTS 300 WITec, 
Germany) and finally to the CCD camera (Andor DU401 
BV, Belfast, North Ireland). The Control FOUR (WITec, 
Germany) acquisition software was used for the experimen-
tal setup. First, the area of interest was scanned very fast 
(0.01 s per px, 1-μm step) to bleach the chloroplast to mini-
mize sample fluorescence in the subsequent scans. After this 
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bleaching step, hyperspectral data sets were acquired from 
cells at different developmental stages by scanning the cells 
in 0.3-μm steps with 0.04-s integration time. Project FIVE 
Plus (WITec, Germany) was used for spectral processing 
and data analysis. After cosmic ray removal and baseline 
correction, the complete hyper spectral dataset was calcu-
lated as a linear combination of the most different spectra 
with a basis analysis algorithm (“true component analysis” 
in Project FIVE Plus WITec) (Dieing and Ibach 2011). By 
this, the main components were detected and their distri-
bution visualized within the scanned area. To get detailed 
insights into the compositions of the cell wall, we modeled 
the spectra of the secondary and primary cell walls as a lin-
ear combination of measured reference carbohydrate spectra 
(Supplementary Table 1) using the Orthogonal Matching 
Pursuit (OMP) algorithm (Pati et al. 1993). For secondary 
cell wall, the cell wall spectra retrieved by true component 
analysis were analyzed, and for primary cell wall, average 
spectra were extracted by marking the extending tip and the 
indentations separately. Out of the many investigated cells 
and developmental stages, we exemplarily show one earlier 
and one later stage of development in this paper.

Results

Chemical images of developing Micrasterias cells

The Micrasterias cells were embedded in water to mini-
mize fluorescence. The cover slip was slightly pressed 
and sealed to avoid evaporation and ensure stable meas-
urements. With this preparation, some cells were slightly 
squeezed, the protoplast moved back from the cell wall, 
and some cell contents were found outside the cell (Fig. 1). 
After a fast scan to bleach the chloroplast (Fig. 1a), high-
quality spectra were obtained from cell contents and the 
cell wall (Fig. 1b, c). Applying true component analysis 
(@WitecPlus 5, (Dieing and Ibach 2011)) revealed three 
different carbohydrate spectra with strong bands at, e.g., 
1093 cm−1, 1121 cm−1, 1378 cm−1, 376 cm−1, 937 cm−1, 
and 475 cm−1 (Fig. 1b, red, pink, green). Additionally, 
two different cell content spectra were derived with bands 
at, e.g., 1662 cm−1, 1448 cm−1, 1304 cm−1, 1004 cm−1 
(Fig. 1b, blue, cyan), as had been found in proteins and 
lipids (Czamara et al. 2015; Rygula et al. 2013). Finally, 
one spectrum showed very sharp bands as typical for min-
erals (Fig. 1b). With bands at 986 cm−1, 615 cm−1, and 
452 cm−1 (Fig. 1b, black line), it was assigned to barite 
(BaSO4), as exactly these three bands are reported as the 
strongest in BaSO4 (Zhou et al. 2020). The correspond-
ing distribution maps showed that two of the carbohydrate 
spectra refer to the cell wall (red, pink) and one to the cell 
content (green) (Fig. 1c). The location around pyrenoids 

and the characteristic band at 475 cm−1 (Fig. 1b–d, green 
spectrum) pointed to starch. Comparison with a reference 
Raman spectrum of starch showed that all bands fitted well 
(Suppl. Figure 1) and thus confirmed that the green color 
component represented starch. Additionally, proteins and 
lipids filled up the cell and accumulated near the indenta-
tions of the developing semicell (Fig. 1c, blue, cyan). The 
barite crystals were detected in small clusters, mainly near 
the indents in the developing semicell (Fig. 1c, white). 
The combined distribution map visualized all components 
at once (Fig. 1d). The cell wall signal was strong in the 
mother cell, but the developing semicell showed almost no 
signal, except in the first indendations (Fig. 1d, arrows).

Zooming into the cell wall of the developing semicell 
revealed details on protein distribution and cell wall depo-
sition (Fig. 2a), one cell wall spectrum (red), one compo-
nent below the lobe tip (yellow), and two other cell content 
spectra (blue, cyan, Fig. 2). No matter how many compo-
nents have been set, there was only one cell wall spectrum 
retrieved. This means more or less the same cell wall com-
position throughout, but the cell wall thickness appeared 
again thicker in the indentation (arrow) compared to the 
regular thin walls of the lobes (arrowhead) (Fig. 2a, red). 
The cell content below the tip (yellow) displayed protein/
lipid bands (1634 cm−1, 1442 cm−1) (Rygula et al. 2013), 
but some bands pointed also to carbohydrates (1114 cm−1, 
1087 cm−1, 887 cm−1, 815 cm−1, 451 cm−1, 384 cm−1) 
(Fig. 2b). The other components displayed the protoplast 
(blue), and vesicles (cyan) and had typical protein bands, 
e.g., 1655, 1004 cm−1 (Fig. 2a, b).

In a later stage of development, similar component spectra 
were retrieved, but no minerals (Fig. 3a). Again, two cell 
wall spectra turned up, but this time it became more obvi-
ous that they might reflect the different orientation of the 
cellulose microfibrils: the red spectra were emphasized in 
the x-direction, while the pink components were mainly dis-
played in the y-direction (Fig. 3b, c). Also, in this stage, the 
Raman intensity in the younger primary cell walls was much 
lower than that in the secondary cell walls of the mother cell. 
Starch (green) and again protein and lipids (blue, cyan) filled 
out the cell and were at some places in contact with the cell 
wall, but mostly detached (Fig. 3b, c).

Detailed analysis of the developing cell confirmed again 
the thicker cell wall or accumulation of wall material in 
the indentations (Fig. 4a, b; red). Starch was visualized 
(green), as well as proteins and lipids within the cell (blue, 
cyan) and below the newly developed indent (yellow) 
(Fig. 4a, b).

Raman signatures of Micrasterias cell walls

To get more insights into the composition of the Micras-
terias cell walls, the retrieved component spectra were 
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modeled as a linear combination of reference carbohydrate 
spectra using the Orthogonal Matching Pursuit (OMP) 
algorithm (Pati et al. 1993). The spectra library included 
cellulose spectra acquired with different laser polarization 
directions and various hemicelluloses and pectins (Suppl. 
Table 1).

Modeling the two distinguished cell wall spectra of the 
old mother cell (Figs. 3 and 5a–c) resulted in cellulose as the 
main contribution, but with a different orientation (Fig. 5d, 
e). While the first cell wall spectrum coincided best with 
Ramie (Boehmeria nivea) cellulose fiber acquired with 60° 
orientation with respect to the laser polarization (Fig. 5d), 

the other one reflected 90° orientation (Fig. 5e). The spectral 
changes in cellulose signature in secondary cell walls par-
allel and perpendicular to the laser polarization in the old 
mother cells pointed to highly ordered (crystalline) arrange-
ment of the cellulose fibrils (Fig. 5c). Pectins and hemicel-
luloses were to a much lower extent reflected in the cell wall 
spectra (Fig. 5d, e).

In contrast, the true component analysis of the primary 
cell wall of the developing semicell resulted in only one 
cell wall spectrum, so no orientation dependence and also 
no difference between tip and indent, at least based on the 
True component analysis (Figs. 2 and 4). To finally proof if 
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Fig. 1   Raman imaging of Micrasterias showing the old and newly 
formed semicell in an early stage after cell division. a Light micro-
scopic stitching images of the cell before (20 × objective) and after 
“bleaching” (100 × objective). A fast bleaching pre-run with green 
laser light discolored the chloroplast and minimized fluorescence 
background. b “True component analysis” (Witec5Plus) separated 
three different carbohydrate Raman spectra (red, pink green), two cell 

content spectra with mainly protein bands (blue, cyan), and one spec-
trum with sharp mineral bands attributed to BaSO4 (black) and visu-
alized their c distribution in the old and developing semicell. d The 
combination image summarized the results and highlighted the strong 
cell wall signal in the old semicell, whereas in the developing semi-
cell cell wall, material was only visualized in indentations (arrows)
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there are no or at least minor spectral differences between 
the tip area and the indents, we marked these regions and 
extracted average spectra for OMP analysis (Fig. 6a, b). The 
spectra were noisier than secondary cell wall spectra and fit-
ting revealed xyloglucan as the main contributor at all three 
positions, followed by pectin and/or cellulose (Fig. 6c). 
Although pectin with low esterification degree (20–34%) 
was chosen to fit into the primary cell wall at all three posi-
tions, there is a misfit at the pectin marker band at 852 cm−1 
(Fig. 6a). This pectin marker band in primary cell walls of 
Micrasterias was much lower than in other primary cell 
walls of plants (e.g., Prats-Mateu et al. 2016). Spectra from 
the three positions were indeed very similar, but modeling 
gave an indication of slightly more cellulose in the thickened 
indent region than on the outgrowing tip (Fig. 6c).

Discussion

Raman imaging on Micrasterias cells delivered a molecular 
fingerprint at every pixel. Scanning across the entire cell or 
regions of interest gave thousands of Raman spectra (hyper-
spectral data cube), which served to track all components at 
once. Cell wall polymers, starch, proteins, lipids, and barite 
were differentiated based on characteristic Raman spectra 
and their distribution followed within the mother cell and the 

growing semicell at two developmental stages (Figs. 1 and 
3). No staining or reaction was necessary and thus accessi-
bility and selectivity did not play a role. Without any fixation 
or drying, the cells were measured in situ in water—Raman 
imaging thus opened the view on the native state. With a 
resolution of about 300 nm, we resolved cell walls, protein/
lipid vesicles, starch grains, and mineral crystals (Figs. 1, 
2, 3, and 4).

Straightforward mineral detection 
with micron‑resolution and in context with the cell 
structure

The in situ capability of Raman microspectroscopy gives 
the unique possibility to study minerals within plant tis-
sues (e.g., Dietrich et al. 2002; Gierlinger et al. 2008; 
Joester et al. 2017; Soukup et al. 2017; Weigend et al. 
2018) and inside algae (e.g., Barcytė et al. 2020; Nieder-
meier et al. 2018). In addition to the chemical identity 
of minerals, Raman spectra are affected by crystal orien-
tations (varying relative Raman band intensities), (sub)
stoichiometric compositional changes (e.g., in solid solu-
tion series), traces of foreign ions, strain (the latter three 
shifting Raman bands), and crystallinity (changing Raman 
band widths), enabling comprehensive physicochemical 
characterization of minerals (Schmid and Dariz 2020). 

Fig. 2   Raman imaging based 
on “true component analy-
sis” revealed four different 
components in the developing 
semicell. a The cell wall (red) 
showed a thickening at the 
indent (arrow) whereas at the 
tip the cell wall was thin. Cell 
content below the tip (yellow) 
was separated from plasma 
membrane (blue) and vesicles 
(cyan). b The corresponding 
spectra confirmed the carbo-
hydrate nature of the cell wall 
(red). The cell content below 
the tip showed bands attributed 
to protein, lipids, and carbohy-
drates/sugars (yellow). Spectra 
corresponding to plasma 
membrane and vesicles showed 
protein and lipid bands (blue 
and cyan)
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Based on the strong and sharp Raman bands at 986 cm−1, 
615 cm−1, and 452 cm−1 (Fig. 1b, black line), we could 
identify barite (BaSO4) within the developing semicell of a 
dividing Micrasterias cell. Naturally occurring intracellu-
lar BaSO4 crystals have been reported in desmids (Meindl 
1984; Wilcock et al. 1989) and other Zygnematophyceae 
(Brook et al. 1980; Kreger and Boere 1969). Barite crys-
tals are typical for all of the Closterium species, but also 
for Pleurotaenium, Triploceras, and other similar genera 
(Brook 1981; Kreger and Boere 1969). In Closterium mon-
iliferum, barite crystals were observed solely in terminal 
vacuoles (Wilcock et al. 1989), whereas in Micrasterias, 
BaSO4 crystals were found scattered throughout the whole 
cell (Meindl 1984) and seem to be a natural detoxification 
mechanism against the highly toxic barium (Niedermeier 
et al. 2018). In our study, the BaSO4 crystals accumulated 
near the plasma membrane at the indents in the developing 

semicell (Fig. 1). Earlier barium was shown to hyperpo-
larize the algal cell membrane and enhance plasmalemma 
resistance (Metlicka et al. 1996), and so might influence 
ion pumps and Ca2+ fluxes. Ca2+ plays a crucial role in the 
growth and development of dividing Micrasterias cells 
(Lehtonen and Volanto-Lumppio 1996), and is suggested 
for cell wall stiffening by binding with pectic polysaccha-
rides (Eder et al. 2008). The Ca2+ cannot be detected with 
the Raman as we probe molecules and functional groups. 
Calcium would give strong Raman signals, e.g., as calcium 
oxalate crystal, which were not detected in this study. Only 
the barite was detected in the first sample near the indents. 
Barite was found in many of the investigated samples, but 
not in all and the shown pattern seems to be very stage 
and/or position (we probe only about 1 μm in depth) and/or 
sample-specific and would need further experimentations 
to draw clear conclusions.
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Fig. 3   Raman imaging of Micrasterias showing the old and develop-
ing semicell in a later stage after cell division. a Five different spec-
tra were retrieved by true component analysis: two cell wall spectra 
(red, pink), one starch spectrum (green) (Supplementary Fig. 1) and 
cell contents with protein and lipids (blue and cyan). The spectra are 
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red cell wall was highlighted in x-direction, whereas the pink cell 
wall was attributed to cell wall in y-direction, starch highlighted the 
pyrenoids and smaller grains (green) and proteins and lipids (blue, 
cyan) were detected within the cell

M. Felhofer et al.1328



1 3

Cell wall spectra represent chemical composition 
and molecule orientation (crystallinity)

The strongest Raman signal was obtained in the secondary 
cell wall of the old mother cell. “True component analy-
sis” revealed two cell wall variants and their distribution, 
one showed up in the x-direction (coinciding with laser 
polarization) and one more in the y-direction (Figs. 1 and 
3, red and pink), pointed to an orientation effect of cellu-
lose. Detailed spectral analysis showed coincidence with the 
spectra acquired from Ramie fibers with 60° and 90° laser 
polarization (Fig. 5). Ramie (Boehmeria nivea) fibers stand 
out among plant fibers due to their high concentration of 
cellulose (> 80%) (Satyanarayana et al. 2009), high crystal-
linity, and excellent mechanical properties (Jose et al. 2017). 
Microfibrils are aligned parallel with respect to the fibers 
and already early Raman polarization studies on Ramie 
helped to assign cellulose bands to molecular vibrations 
(Wiley and Atalla 1987). The good fit of the Micrasterias 
secondary cell wall spectra with spectra acquired from the 
Ramie fiber with 60 and 90° polarization direction (Fig. 5) 
confirm (1) the highly crystalline nature of Micrasterias 
cellulose (2) in plane orientation of the microfibrils with 
respect to the cell surface and (3) low amount of other cell 
wall polymers. While most algae and bacteria have a mix-
ture of Iα and a smaller fraction of Iβ cellulose (Atalla and 
Vanderhart 1984; Sugiyama et al. 1991), Micrasterias sec-
ondary cell wall was reported as Iβ cellulose (Huang et al. 
2019; Kim et al. 1996). Therefore, Micrasterias cellulose is 
more similar to the crystalline cellulose produced by vas-
cular plants as now again proven by the coincidence of the 

Raman spectra of Micrasterias secondary cell wall with the 
cell wall of Ramie fibers (Fig. 5). Vibrational sum-frequency 
generation spectroscopy revealed recently a larger domain 
size of crystalline cellulose in the secondary cell wall of the 
Micrasterias cell compared to the primary cell wall of the 
developing semicell (Huang et al. 2019). The polymorphic 
structure of cellulose is suggested to be governed by the 
geometric shape of cellulose synthase complexes (Delmer 
1999; Huang et al. 2019; Tsekos 1999; Tsekos et al. 1999), 
cellulose-water (Kubicki et al. 2018; O’Neill,2017; Oehme 
et al. 2018; Srinivas et al. 2014), and/or cellulose-matrix 
polymer interactions (Hackney et al. 1994; Park et al. 2014; 
Whitney et al. 1995, 1999). Xyloglucan and mixed-linked 
glucans ((1–3, 1–4)-ß-d-glucans) have been detected in 
the secondary cell wall of Micrasterias (Eder et al. 2008). 
Based on the mixing analysis, also two different hemicel-
luloses, glucomannan and xyloglucan, have been fitted into 
the Micrasterias cell wall spectra (Fig. 5d, e). Glucomannan 
is “seen” more in cell walls in x-direction and xyloglucan 
more in the walls in y-direction. A compositional change 
is not reasonable, but spectral orientation affects and thus 
alignment of hemicelluloses with respect to the cellulose, as 
has been detected in wooden cell walls by infrared spectros-
copy (Stevanic and Salmen 2009). Nevertheless, for detailed 
analysis of hemicelluloses in Micrasterias, the reference 
library needs to be extended, if possible with the carbohy-
drates extracted from algae. Hemicelluloses have in general 
less Raman scattering intensity than crystalline cellulose 
due to the more amorphous nature and some bands overlap 
with cellulose bands (Agarwal et al. 2015, 2010). Therefore, 
they are difficult to track and need additional analysis, like 

Fig. 4   Raman imaging of 
the young semicell with one 
deep and one newly formed 
indentation. a Five different 
components were retrieved. Cell 
wall component (red) showed 
thickening in the oldest and 
deepest indent, but also in the 
newly formed less pronounced 
indent. One type of proteins/
lipids (cyan) accumulated as 
vesicle below the cell wall, 
one kind (yellow) below the 
recently formed indent, and the 
rest towards the center (blue). 
b The corresponding spectra 
confirmed the carbohydrate 
nature of the cell wall (red), 
cell content with typical starch 
bands (green), and other cell 
contents with varying amounts 
of proteins and lipids (blue, 
cyan, yellow)
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the proposed Orthogonal Matching Pursuit analysis (Figs. 5 
and 6).

While the Raman spectrum of the secondary cell wall 
reflected mainly crystalline cellulose (Fig. 5), the fitting 
of the spectrum of the primary cell wall of the developing 
semicell showed that hemicellulose and pectin contributed 
more (Fig. 6). The fit of the primary cell wall (Fig. 5d) is 
not as perfect as for the secondary cell wall (Fig. 5a), due to 
the lower signal/noise ratio and the multicomponent nature. 
Besides, as already mentioned probably not exactly the right 
hemicellulose and pectin is available in our database (Sup-
plementary Table 1) and the native state, orientation and 
interactions between the polymers might furthermore change 
the spectral signature. For example, not included in the data-
base were arabinogalactan proteins, which were found along 
the plasma membrane of the non-growing semicell (Eder 
et al. 2008). As hemicellulose, xyloglucans were found in 
the growing primary wall of Micrasterias (Eder et al. 2008) 
and are confirmed in our Raman spectra (Fig. 6). Besides, 
pectin contributes to primary cell walls (Fig. 5g), but the 
marker band around 856 cm−1, which is usually strong in 

pectins, is weak and lies within a broad overlapping band 
envelope (Figs. 6, 2b, 4b). The wavenumber position of 
this band is sensitive for the degree of methyl esterifica-
tion: 858 cm−1 was reported for a low methyl esterification 
degree compared to 842 cm−1 for a high methylation degree 
(Synytsya,2003). In apple ripening, the pectin composi-
tion changes and can be monitored with a shift from 852 to 
845 cm−1 (Szymanska-Chargot et al. 2016). From the three 
pectin reference spectra with 3 different degrees of esteri-
fication (Supplementary Table 1), the best fit was achieved 
with the spectrum acquired from citrus pectin with low 
esterification (Fig. 6). Pectic polysaccharides were shown 
to be transported to the cell wall in a de-esterified form (Eder 
and Lütz-Meindl 2008; Lütz-Meindl and Brosch-Salomon 
2000), to become methyl-esterified at the inner side of the 
developing primary wall (Lütz-Meindl and Brosch-Salomon 
2000) and become again de-esterified after translocation 
towards the outer side of the wall (see also Lütz-Meindl 
and Brosch-Salomon (2000). Also, the detailed structure of 
pectins in desmids is not yet known; there are some indica-
tions that algae contain higher contents of galacturonic and 
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spectra retrieved by true component analysis (see Fig.  3) were fit 
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glucuronic acid than higher plants (Popper and Fry 2003) 
and that homogalacturonan accumulation in cell walls of 
Zygnema sp. (Charophyta) increases desiccation resistance 
(Herburger et al. 2019). Galacturonic acid was fit into the 
secondary cell wall, although with very low signal contri-
bution (Fig. 5d). As the pectin-rich primary wall is finally 
pushed off by a sudden onset of mucilage production through 
the secondary wall and its pores (for details, see Oertel et al. 
(2004)), the galacturonic acid might represent remnants of 
the primary cell wall.

Cell shape formation: finally a matter of cellulose 
deposition?

Pectin de-esterification processes were suggested to be cru-
cial for morphogenesis and growth of Micrasterias (Eder 
and Lütz-Meindl 2008), although there is so far no indica-
tion that the degree of esterification is different in the areas 
of the forming indentations in comparison to the zones of 

the outgrowing lobes (Lütz-Meindl, 2016). In Raman spec-
troscopy, the pectin marker band around 852 cm−1 is strong 
in pectin references (Synytsya et al. 2003), but also in pri-
mary plant cell walls (see, e.g., Prats Mateu et al. (2016)). 
In Micrasterias, this band was much weaker than expected 
as also seen in the misfit at this positions (Fig. 6). As this 
band is attributed to the α glycosidic linkage (Synytsya et al. 
2003), could it be that the pectin is much more “loose” with 
only short backbone chains in Micrasterias? Also to finally 
enable rapid dissolution and push off the primary cell wall 
(Oertel et al. 2004).

In the developing semicell, a cell wall thickening is 
observed in the indents in the early dividing stage (Figs. 1 
and 2), as well as in the later developmental stages (Figs. 3 
and 4) by Raman imaging, which reminds on Calcofluor 
cellulose staining of an earlier study (Ueda and Yoshioka 
1976). Based on the high fluorescence at the indents, they 
suggested that the cell wall was already considerably dif-
ferentiated at this position or might contain some special 
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substances (Ueda and Yoshioka 1976). Based on the Raman 
signature, we suggest that cell wall thickening might go hand 
in hand with more cellulose fibrils laid down (Fig. 6b) and 
both together will achieve a stiffening at the indent. With 
the reduced extensibility due to a denser microfibril net-
work, the morphogenesis is fixed. Very early studies by 
Kiermayer (1964) have shown in turgor-reduced cells that 
a pre-pattern for morphogenesis of Micrasterias is present 
at the plasma membrane. Exactly, at the plasma membrane, 
cellulose synthase complexes move to synthesize cellulose 
microfibrils (Turner and Kumar 2018). In contrast, other cell 
wall material is transported via vesicles and their fusion was 
only observed in the growing tip areas, but not at the inden-
tations (Meindl et al. 1992), where probably more cellulose 
synthase complexes make a denser network of cellulose 
fibrils. Kinetic control of morphogenesis, i.e., by a reaction 
diffusion mechanism, implicated also the cell membrane as 
the most probable site of pattern formation (Lacalli 1982; 
Lacalli and Harrison 1987). In a relatively simple model, 
the importance of calcium ions and “loosening” enzymes 
was suggested as important starting points in plant cell 
morphogenesis. Reshaping of the cell wall was suggested 
as a relaxational process, wherein turgor pressure deforms 
the wall while enzymes allow the wall elements to slowly 
assume these stressed forms as their permanent forms (Kam 
and Levine 1997). But still it remains difficult to pick up 
experimentally how long a patterning event takes and it is 
supposed that patterning and its morphological expression 
might not be neatly separated in plants, but interact continu-
ously (Harrison 2010).

Beside in the unicellular algae, big steps forward have 
been made in understanding polylobate shape formation in 
interdigitated puzzle cells of the epidermis (Lin and Yang 
2020) as well as in the 3D interlocked sclerenchyma cells 
in nutshells (Antreich et al. 2021, 2019). Also, in these sys-
tems, cell wall components (cellulose and pectin) change 
locally cell wall extensibility and are considered important 
factors during shape formation. For epidermal puzzle cells, 
first, de-methylated pectin increases stiffness at the future 
indent and by this leads to cell wall undulation associated 
with higher stressed regions. As a result, more microtubules 
align and more cellulose fibrils are laid down at the indent, 
which slows down expansion at this location during growth 
(Altartouri,2019; Bidhendi et al. 2019). In the walnut shell 
cells, multiple loops of cellulosic thickenings in cell walls 
were detected to act as stiff restrictions during cell growth 
and by this leading to the lobed cell shape (Antreich et al. 
2021).

With this work, we add another example on how complex 
and dynamic plant cell walls are, especially during develop-
ment. Cellulose and pectin are the two most important com-
ponents of the cell wall to tune for stiffness and extensibility, 
respectively. It is not only the amount of these two polymers 

that is changing, but also composition and dedicated align-
ment as micro- and/or nanofibrils, which adds fine-tuning. 
In the future, the carbohydrate library will be extended to get 
better fits and more detailed insights into the composition of 
the plant cell walls based on the Raman spectra. In this study 
on Micrasterias as well as in the development of polylobate 
epidermal and nutshell cells, an interplay of cellulose and 
pectin (with changing amount, composition, and structure) is 
involved to achieve the non-uniform expansion and shaping 
of lobes. The plant cell wall is not only a wall, but a dynamic 
feature with properties changing during development as well 
as locally along and across the cell wall.
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