Journal of Structural Biology 209 (2020) 107403

Contents lists available at ScienceDirect

Journal of Structural Biology
journal homepage: www.elsevier.com/locate/yjsbi

Mineralized scale patterns on the cell periphery of the chrysophyte
Mallomonas determined by comparative 3D Cryo-FIB SEM data processing
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Unicellular protists can biomineralize spatially complex and functional shells. A typical cell of the photosynthetic synurophyte Mallomonas is covered by about 60–100 silica scales. Their geometric arrangement, the
so-called scale case, mainly depends on the species and on the cell cycle. In this study, the scale case of the
synurophyte Mallomonas was preserved in aqueous suspension using high-pressure freezing (HPF). From this
specimen, a three-dimensional (3D) data set spanning a volume of about 25.6 μm × 19.2 μm × 4.2 μm with a
voxel size of 12.5 nm × 12.5 nm × 25.0 nm was collected by Cryo-FIB SEM in 3 h and 24 min. SEM imaging
using In-lens SE detection allowed to clearly diﬀerentiate between mineralized, curved scales of less than 0.2 μm
thickness and organic cellular ultrastructure or vitriﬁed ice. The three-dimensional spatial orientations and
shapes of a minimum set of scales (N = 13) were identiﬁed by visual inspection, and manually segmented.
Manual and automated segmentation approaches were comparatively applied to one arbitrarily selected reference scale using the diﬀerences in grey level between scales and other constituents. Computational automated
routines and principal component analysis of the experimentally extracted data created a realistic mathematical
model based on the Fibonacci pattern theory. A complete in silico scale case of Mallomonas was reconstructed
showing an optimized scale coverage on the cell surface, similarly as it was observed experimentally. The
minimum time requirements from harvesting the living cells to the ﬁnal scale case determination by Cryo-FIB
SEM and computational image processing are discussed.

1. Introduction
Our understanding of formation processes of materials in living
organisms is still limited. This is especially the case for highly diverse
unicellular organisms such as Synurophyte algae (Wehr et al., 2015;
Nicholls et al., 2015; Nicholls, 1987; Grain et al., 1988; Kristiansen
et al., 1994; Wee and Andersen, 1997; Kristiansen et al., 2008;
Kynclova et al., 2010; Jo et al., 2016), with the genera Synura and
Mallomonas as the most prominent taxonomic representatives. Taxonomically, Mallomonas belongs to the class Synurophyceae (Stramenopiles/Heterokonta). Historically, however, both Chrysophyceae and
Synurophyceae are referred to as “chrysophytes”, meaning “golden
algae” (Mallomonas, 2019; Taxonomy browser (Mallomonas), 2019;

Adl et al., 2005; Siver et al., 1991). Their evolutionary relationships, as
deduced from scanning electron microscopy investigations of biomineralized scales (Hendry et al., 2018), complemented by molecular
genetic data (Gusev et al., 2018, are still poorly understood Wee and
Andersen, 1997; Andersen, 2004; Andersen, 2007; Pichrtová et al.,
2008; Siver et al., 2009; Boo et al., 19(19), 2010,; Škaloud et al., 2012;
Kuwata et al., 2018; Hendry et al., 2018; Gusev et al., 2018). Due to
their size in the micrometer range, Synurophyte algae represent ideal
whole-cell systems for collecting high-quality cryo-ﬁxation data. Such
data provide a major prerequisite to elucidate mechanisms which determine the morphology of extracellular envelopes and scales (Piatek
et al., 2015). Such mechanisms can be highly diverse and, in fact, a
function of biologically controlled species-speciﬁcity and/or
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Mallomonas kalinae (Rezacova et al., 2006) can hardly be distinguished
from Mallomonas rasilis because both species produce ellipsoidal cells
which are 15–20 μm in length and 8–11 μm in width (Piatek et al.,
2015). Both species form asymmetrically curved oval scales in the range
of 3.7–4.1 μm in length and 1.7–2.5 μm in width (Piatek et al., 2015).
Most obviously, these parameters were estimated from conventional
scanning electron microscopy (SEM) data. It is highly unlikely that
projections provide a suﬃcient level of accuracy as required for 3D
analysis.
Scales of Synurophyceae display a regular pattern of holes in the
base plate (Wee and Andersen, 1997; Škaloud et al., 2014; Gusev et al.,
2018). Mallomonas sp. forms scales, each of them with a more or less
pronounced rim, which is bent upside towards the edge. The apical part
of each scale displays an elevated protrusion named dome, from where
a single bristle emerges. The functional role of the dome and extensions
protruding into the surrounding liquid are still unclear. Also the 3D
arrangement of scales and bristles in Mallomonas including the installation of the scale case is still under debate (Siver et al., 1990;
Leadbeater et al., 1990). Individual scales can morphologically vary in
length and width, e.g. depending on their ﬁnal destination, exterior of
the cell (Neustupa et al., 2010; Pichrtová et al., 2011). An important
inﬂuence of pH on scale morphology was previously reported
(Nemcova et al., 2012). However, morphological similarity of scales of
otherwise diﬀerent species is also well-known (Kristiansen et al., 2002;
Piatek et al., 2015).
Here, we report a relatively fast and straight-forward Cryo-FIB SEM
approach to visualize and characterize the pattern and relative orientation of mineralized scales on a curved surface, taking the protist
Mallomonas as a case study for data collection close to in vivo conditions
in 3D. The segmented data were used to extract statistical values for
species-speciﬁc pattern formation of ellipsoidal, curved platelets which
are partially stacked. The overall arrangement of scales fully covers the
surface of an ellipsoidal volume. The analysis presented here was performed based on 3D data from Cryo-FIB SEM serial imaging. Two different data processing methods, visual inspection vs. computer-based
segmentation were used for comparing the trade-oﬀ between eﬃciency
(time) and accuracy (quality of results) of data handling. Processing
steps include smoothing, identiﬁcation of key features such as nanoholes and subsequent reconstruction into 3D models of the entire cell
coverage with a pattern of scales. We were interested in identifying
crucial data handling parameters which likely inﬂuence the quality of
results from either, expert biologist’s or, computational raw data analysis through the entire image acquisition and processing chain. This
study demonstrates how far a time-limited analysis of only a partial
data set in 3D can be successfully used to develop a functional model for
scale biogenesis with respect to cell division in an evolutionary important biomineralizing protist.

environmental inﬂuences Brugerolle et al., 1984; Lavau et al., 1994;
Preisig, 1994; Sandgren et al., 1996; Hildebrand et al., 2008; Siver
et al., 2015; Hendry et al., 2018). Tracking biomineralization and
pattern formation of scales at the desired nanometer resolution has
always been technically demanding and extremely time-consuming
(Vidavsky et al., 2016). Appropriate techniques such as cryo-TEM and
complementary 3D reconstruction tools, as previously established for
molecular assemblies (Müller et al., 2008), were only recently developed further for studying protist biology (Sviben et al., 2016). They are
still not applied on an environmentally and taxonomically relevant
level (Piatek et al., 2015). Close-to-native, high-resolution 3D morphological whole-mount data, frequent snap-shots for tracking cell
cycle-dependent processes, and reliable statistics of cells adapted to
diﬀerent ecosystems would be necessary for understanding physiological functions and evolutionary driving forces on a broader scale.
Cryo-FIB SEM is a novel and comparably fast technology (Schertel
et al., 2013), where vitriﬁed biological or aqueous specimens are sliced
by an ion beam and directly imaged by an electron beam in a consecutive manner (Medeiros et al., 2018). This so-called serial sectioning
and imaging (SSI) 3D data acquisition allows to collect an InLens SE and
an Inlens backscattered electron (energy selective backscattered, EsB)
image of the freshly exposed serial FIB cross-section simultaneously
(Schertel et al., 2013; Vidavsky et al., 2016). Specimens prepared using
a high-pressure freezing device (HPF) are immediately ready for highresolution imaging and elemental analysis of various organic and inorganic materials (Vidavsky et al., 2016). Cryoﬁxation occurs as close
as possible to the biological, aqueous state within milliseconds (Fuest
et al., 2018), and Cryo-FIB SEM data can immediately be collected after
cryoﬁxation (Vidavsky et al., 2016). Cryo-FIB SEM is an appropriate
technology to achieve high resolution (5nm - 20nm), and suﬃcient
structural/materials contrast, due to low energy SE detection and
chemically and/or structurally distinct surface potential (e.g. calcium
carbonate and calcium phosphate) (Schertel et al., 2013; Bennet et al.,
2015; Jantschke et al., 2019). The subcellular ultrastucture and elementary signatures are revealed without any artiﬁcial contrasting
(Vidavsky et al., 2016; Schertel et al., 2013; Vidavsky et al., 2016;
Sviben et al., 2016). The data collection part of biological whole-cell
cryo-samples of more than about 10,000μm3 is now a straight-forward
and reliable technology (Vidavsky et al., 2016). However, the 3D reconstruction and the segmentation of such large sampling volumes is
still time consuming because it is usually done manually and not yet
fully automated.
The patterned arrangement and relative orientation of mineral
scales in Synurophyceae including the genus Mallomonas, which were
previously reported to consist of silica, were so far only deduced from
conventional SEM images, combined with ultrastructural TEM investigations of conventionally prepared specimens (Leadbeater et al.,
1990; Siver et al., 1990; Lavau et al., 1994). The scale precursors and/
or mineralized scales are produced in the interior of the cell and presumably excreted in just one speciﬁc location opposite to the ﬂagellum
(Lavau et al., 1994). Alternatively, Sandgren et al. (1996) reports that
the scales are individually positioned within the cytoplasm and inserted
one at a time over the entire surface of the cell. Lavau et al. (1994)
provided ﬁrst insight into how scales develop in Mallomonas. In that
respect, Mallomonas diﬀers from mineralizing Coccoliths (Sviben et al.,
2016), which deposit their multiple calcite scales more or less randomly
without necessarily requiring a controlled transport and distribution
mechanism. From a ”form follows function” point of view, Mallomonas
is an interesting case study for understanding the individual shapes and
the geometric arrangement of the scales with respect to each other, and
their species-speciﬁc variability of transport mechanisms. Various
Mallomonas species have each their individual scale case, deﬁned as a
regular arrangement of scales which cover the cell surface (Lavau et al.,
1994). However, positioning mechanisms which determine the scale
case are still not clariﬁed because 3D data of multiple scales are diﬃcult
to collect with the required precision. For example, the species

2. Materials and methods
2.1. Mallomonas cultivation and light microscopy
Strains of Mallomonas sp. were kindly provided by Dr. Klaus Eisler,
Eberhard-Karls-Universität Tübingen, Institute of Evolution and
Ecology (EvE), Comparative Zoology, 72076 Tübingen, Germany. Cells
were maintained in mineral spring water (Volvic, Danone Waters,
Germany) in batch cultures under illumination with a 12:12 h light:dark cycle at 20°C in a CLF AR36L Light Incubator (CLF, Wertingen,
Germany) at a light intensity of 28 μ mol Q m−2 s−1. Cell densities were
adjusted as soon as the exponential growth phase was reached.
2.2. Light microscopy
A ZEISS Axio Scope.A1 microscope equipped with a Zeiss EC PlanNeoﬂuar 63x/1,25 Oil M27 objective (Carl Zeiss Microscopy GmbH,
Jena, Germany) was operated in diﬀerential interference contrast (DIC)
2
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mode. A blue light ﬁlter (Carl Zeiss Microscopy GmbH, Jena, Germany)
was used for illumination. Images were recorded at 1.936 × 1.460
pixels with a ZEISS Axiocam 503 color Digital Camera and processed
using the Zeiss ZEN software version 2.3 blue edition (Carl Zeiss
Microscopy GmbH, Jena, Germany).

2.6. Cryo-ﬁxation and freeze-fracture
Cryopreparation of native Mallomonas cells was performed immediately after harvesting cells in 50 mL disposable tubes (Greiner BioOne GmbH, Frickenhausen, Germany) from the culture medium by
centrifugation at 200×g for 10m at room temperature. Concentrated
cells in aqueous suspension were placed between two metal disks (HPF
carriers) and were high pressure frozen using the cryo-immobilisation
device Leica ICE (Leica Microsystems GmbH, Vienna, Austria). After
high pressure freezing the samples were stored in liquid nitrogen. The
samples were transferred under cryo-conditions in the Leica VCM
sample preparation box (Leica Microsystems GmbH, Vienna, Austria)
and were mounted onto a Leica sample holder for HPF carriers at liquid
nitrogen temperature. Using the Leica VCT500 cryo transfer shuttle the
sample holder was transferred into the Leica ACE600 cryo sputter
coater. The specimen, sandwiched between two metal disks, was freezefractured by removing the top carrier with the built-in cryo-knife. After
freeze-fracturing the sample was sputter-coated with a 2 nm thick layer
of platinum. The freeze-fractured samples were transferred directly into
a Crossbeam 550 Cryo-FIB SEM (Zeiss Microscopy GmbH, Oberkochen,
Germany) using the Leica VCT500 cryo transfer system”.

2.3. Species identiﬁcation
The genetic identity of the Mallomonas strain was veriﬁed by molecular analysis using the synurophyceaen SSU-rDNA speciﬁc primers
SR1 (5′-TAC CTG GGT GAT CCT GCC AG) and SR12 (5′-CCT TCC GCA
GGT TCA CCT AC) (Nakayama et al., 1996) (Euroﬁns, Luxembourg,
Luxembourg). Puriﬁed total DNA (73 ng/μl) was obtained from 50 mL
of cell culture using established CTAB protocols (Green et al., 2012) and
used for ampliﬁcation of a 1784 bp fragment of the rDNA sequence by
PCR using Dream Tag Hot Start polymerase (Thermo Fisher Scientiﬁc,
Waltham, MA,USA) with an initial denaturation step at 94 °C for 4 min
and ampliﬁcation at 95 °C for 30 s, 55.5 °C for 30 s, 72 °C for 1 min
passing 29 cycles and ﬁnalized by 72 °C for 1 min (Boo et al., 19(19),
2010,; Jo et al., 2016). The fragment was isolated using a Monarch PCR
& DNA Cleanup kit (New England Biolabs GmbH, Frankfurt am Main,
Germany), subcloned into pGEM®-T Easy Vector Systems (Promega
GmbH, Mannheim, Germany) and transformed into chemically competent XL-1 blue E. coli cells. Puriﬁed plasmids (Monarch Plasmid
Miniprep Kit, New Enland Biolabs) or PCR products directly after DNA
puriﬁcation from agarose gels were sequenced (Microsynth Seqlab
GmbH, Göttingen, Germany) using vector-speciﬁc T7/SP6 or SR1/SR12
primers. PCR products were sequenced 3 times in both directions independently. Sequences were analyzed using the software packages
Ugene (Unipro Ugene, Ver. 1.9.8) (Okonechnikov et al., 2012), NCBI
blastn suite (highly similar sequences, megablast) ( https://blast.ncbi.
nlm.nih.gov), NCBI VecScreen ( https://www.ncbi.nlm.nih.gov/tools/
vecscreen/), and NCBI blastn suite-2sequences (Zhang et al., 2000).

2.7. Cryo-FIB SEM image acquisition
The cryo stage temperature of the Crossbeam 550 was −154 °C and
the system vacuum was 1.1 × 10−6 mbar. An initial coarse cross-section
was milled using the 15 nA@30 kV FIB probe. After ﬁnding the region
of interest a platinum precursor layer of about one micrometer thickness was deposited in order to minimize the curtaining eﬀect. For cold
deposition the reservoir temperature was set to 25 °C and the distance
between the gas injection nozzle and sample was about 3 mm in order
to reduce the gas ﬂux. The gas valve was opened for about 60 s. After
cold deposition the cross-section was polished using the 3 nA@30 kV
FIB probe. A 3D data stack consisting of 167 images was acquired by
serial FIB milling and SEM imaging in the Crossbeam 550 FIB-SEM
microscope. FIB slices of 25 nm thickness were milled using the
700 pA@30 kV FIB probe. Each freshly cross-sectioned surface was
imaged by in-lens SE detection with a lateral pixel size of 12.5 nm at
2.3 kV acceleration potential. For SEM imaging a probe current of 19 pA
and a dwell time of 100 ns was used. For noise reduction line average
was used and line average count N was set to 145. Images were stored
in TIFF format at 2048 × 1536 pixels image store resolution. The
analysed volume has a width X of 25.6μm, a height Y of 19.2μm and
length in Z of 4.2 μm. The original data stack is accessible at the Data
Repository of the University of Stuttgart (DaRUS) (Hörning et al.,
2019).

2.4. Sample preparation for SEM
Cells were harvested from the culture medium by centrifugation
(200 ×g for 3 min) and gently washed at room temperature with analytical grade Milli-Q water (Millipore Advantage system with Millipak
Filter, Merck KGaA, Darmstadt, Germany). Whole cells were ﬁxed with
2% aqueous EM-grade glutardialdehyde (Sigma–Aldrich, Taufkirchen,
Germany) for 30 min and transferred to a 0.4 μm polycarbonate ﬁlter
(Whatman Nucleopore 25 mm, Sigma–Aldrich, Taufkirchen, Germany)
by gentle siphon suctioning. Filters with adherent cells were subsequently dehydrated three times in dimetoxypropane (DMP,
Sigma–Aldrich, Taufkirchen, Germany) prior to critical point drying in
CO2 in a critical point dryer (Balzers CPD 040, Leica, Germany) at 38 °C
and about 80 bar. Processed ﬁlters with cells were mounted on aluminum specimen stubs covered with carbon Leit-tabs (12 mm diameter,
Plano GmbH, Germany). For SEM analysis, specimens were coated with
gold–palladium in a sputter coater (Balzers MED 020, Leica, Germany)
for 90 s at 30 mA, or coated with carbon (Emitech K250, Ashford, Kent,
Great Britain).

2.8. Image processing prior to segmentation
Series of images were ﬁltered for curtaining artifacts (streaks) with
the Fast-Fourier-Transformation (FFT) based ﬁlter. The vertical and
horizontal lines streaks were eliminated consecutively using the LSM
Toolbox (Ver. 4.1.2.) with the frequency mask parameters (0.7, 0.015,
3.5) in Fiji (Vers. 2.0) (Schindelin et al., 2012). Thereafter, the images
were aligned with the global alignment tool in IMOD (Vers. 4.9.4.)
(Kremer et al., 1996) and exported into tif-format thereafter. The image
processed data stack is accessible at the Data Repository of the University of Stuttgart (DaRUS) (Hörning et al., 2019).

2.5. Scanning electron microscopy (SEM)
A Zeiss EVO 15 scanning electron microscope equipped with the
Smart SEM software Ver. 6.04 SP3 (Zeiss, Oberkochen, Germany) was
used for investigating whole cells and individual scales. Images were
obtained at about 10 kV and about 40pA at a working distance of about
8 mm. The Zeiss EVO 15 microscope was equipped with an EDAX
Elements EDX detector system with a sensor area 30 mm2. Elements
were detected at point loci using EDAX APEX software standard Ver.
1.3 (AMTEK GmbH, Weiterstadt, Germany). EDX spectra were obtained
at 10 kV and 500 μA at a working distance of about 8 mm.

2.9. Manual segmentation and visualization
The pre-processed three-dimensional Cryo-FIB SEM data stack was
manually analyzed using 3dmod (Vers. 4.9.4). The scales and the nucleus of the Mallomonas cell were segmented using the Sculpt drawing
tool to obtain smooth and precise segmentation results. All segmented
objects were meshed and animated for the ﬁnal three-dimensional
3
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visualization.
2.10. Computer assisted segmentation and visualization
Computer assisted segmentation was performed using image ﬁltering methods from the Insight Segmentation and Registration Toolkit
(ITK, Ver. 4.12.2) integrated with the Visualization Toolkit (VTK, Ver.
8.1.0) (ITK, 2019) and the visualization software ParaView (Ver. 5.3.0).
Image ﬁltering and segmentation were performed by using the ParaView client–server infrastructure. The ParaView server was executed on
a distributed memory parallel computing infrastructure composed of 4
nodes of a Cray XC-40 high performance computing system. Each node
was equipped with two Intel Haswell Processors with 12 Cores each and
128 GB of Memory per node. Parallel rendering was also executed on
the central processing units (CPUs) of these computing resources by
means of the Mesa 3D Graphics Library (Ver. 17.3.5). Visualization itself was done by the ParaView client, which was executed on a remotely
connected standard Laptop.
Prior to segmentation, the ﬁltered and aligned Cryo-FIB SEM image
stack was completely loaded for overview and visible inspection of the
complete dataset. An anisotropic diﬀusion image ﬁltering was applied
by means of the three dimensional Curvature-Anisotropic-DiﬀusionImage-Filter from the ITK library (ITK, 2019). The optimal parameter
conﬁguration for the ﬁlter tool-chain was determined via visual inspection. The histogram mean value shift in the original image sequence was corrected with a linear mean value correction in the
image’s normal direction by means of ParaView’s calculator function.
Subsequently,
the
manually
selected
sub-volume
of
4.3 μm × 2.5 μm × 2.8μm, containing only the targeted scale, was
processed. Finally, the standard iso-surface calculation based on the
marching cubes ﬁlter, as implemented in the VTK library, was used to
extract the scale’s outer surface geometry. Manual geometric clipping
operations were applied to acquire clear separation of 0.2 μm thick substructures.

Fig. 1. General morphology and identiﬁcation of Mallomonas cells. A) Light
microscopic image of a whole cell. The scale case (arrowhead) and the whiplash
ﬂagellum (arrow) are marked. B-D) Various views of SEM recorded cells. B) An
entire carbon sputtered cell on a polycarbonate ﬁlter. The entire scale case and
bristles (arrow) are illustrated. C) Zoomed-in image of a gold–palladium sputtered cell. The scale arrangement and variance in morphology is shown. D)
Image of an individual gold–palladium sputtered scale, displaying details of
scale morphology, such as the dome (D), shield (S) with a regular arrangement
of papillea (arrows), the V-rib (V), posterior rim (P) and shield pore (H) (Siver
et al., 2015; Rezacova et al., 2006).

scales, it is diﬃcult to get a realistic impression of the orientation and
patterns of scales with respect to the cell-body. Neither conventional
SEM nor TEM methods are as fast and suitable as Cryo-FIB SEM to reconstruct the assembly and spatial coordination of scales, as they surround one single cell, correctly.

2.11. Data analysis
3.2. Observation of the scale case using Cryo-FIB SEM
Data were analyzed with custom routines in MATLAB (R2018b; The
MathWorks, Natick, MA).

In order to elucidate the precise 3D spatial arrangement of scales, an
image series of 167 sections was obtained by using Cryo-FIB SEM.
Commonly occurring artifacts in the image stack, such as curtaining
and ice cracks, have to be taken into account before image processing.
Thus, to ensure an optimal segmentation of the objects of interest the
following work ﬂow was applied. First, vertical and horizontal lines
caused by image artifacts like curtaining and charging were removed
applying FFT ﬁltering to the raw data (Fig. 2A). The curtaining reduced
images (Fig. 2B) were aligned for correcting minor drifts between
subsequent images. This procedure is important to ensure a proper 3D
segmentation of the identiﬁed objects. Finally, the processed image
stack was used to segment the scales, and the nucleus (yellow) as a
morphological reference (Fig. 2C). Multiple scales were present in the
recorded volume representing the apical part of the Mallomonas cell.
The manually segmented scales are diﬀerently color-highlighted in
green, blue and red to distinguish them (see Movie 1). Manual segmentation of 13 silica scales led to the visualization of the spatial orientation and arrangement of the scales in detail (Fig. 2D).

3. Results
3.1. Identity of Mallomonas cell lines
The identity of the organism was veriﬁed by PCR targeting of the
rDNA encoding the small subunit (SSU) of the eukaryotic ribosome
(Supplementary information). Sequence analysis performed with the
obtained sequence fragments revealed that the cell line used for this
study belongs to the M. papillosa/M. rasilis/M. kalinae group (Gusev
et al., 2018). These three species are hardly distinguishable on the
molecular level based on standard analysis setups (Škaloud et al.,
2013). The taxonomy of Mallomonas was, however, not within the
scope of this study. In the following, we refer to the genus Mallomonas,
retaining from making any speciﬁc claim with respect to the particular
species because the imaged subvolume is insuﬃcient to distinguish
between them. To the best of our knowledge, none of these very closelyrelated chrysophytes were previously investigated using Cryo-FIB SEM.
According to light microscopic and SEM inspection, the investigated
cells were about 15 μm in length, decorated with two non-isomorphic
ﬂagella, and phototrophic as indicated by the golden-green color of
chloroplasts which are present in viable cells. Each cell is completely
covered by a regular arrangement of ellipsoidal 2 μm × 4μm silica
scales, which are visible in the light microscope at high magniﬁcation
(Fig. 1A). From each scale a so-called bristle originates (Fig. 1B). Silica
scales have a distinct morphology, as revealed by SEM (Fig. 1C and D).
Due to the three-dimensionality and asymmetry of both, cells and

3.3. Morphology of scales
Principal component analysis of all segmented scales from the CryoFIB SEM data set was performed in order to compare and quantify their
morphological dimensions with respect to each other. This approach
has the advantage that the orientation of the scales is determined
consistently following mathematical rules. In the case of Mallomonas,
the complex morphology of scales can be reduced by geometric simpliﬁcation into thin oblate ellipsoids, where the two longer principal
4
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Fig. 2. Methodology of scanning electron microscopical image analysis. (A) Raw data. (B) Data after
curtaining reduction. (C) Manual segmentation of
nucleus (yellow) and scales (green, blue and red).
The ﬁeld of view in (A), (B) and (C) is 7 × 7 μm2. (D)
Three-dimensional visualization of the nucleus and
scales (see supplemental material, Movie 1). The
complete data sets of (A) and (B) are accessible at
the Data Repository of the University of Stuttgart
(DaRUS) (Hörning et al., 2019).

A typical feature of several, but not all scales is a deﬁned hole that is
localized towards the opposite side of the dome, similarly as shown in
Figs. 1D, 3B and C. Its functionality remains unclear since it could just
be a biomineralization defect (Fig. 3B, asterisk), as previously reported
(Škaloudová et al., 2010). In four out of the 13 segmented scales
(∼ 31%), the hole was clearly identiﬁed. A typical example of a holebearing scale is shown in detail in Fig. 3C. The diameter of the hole is in
the order of 50nm. It is impossible to draw any conclusions regarding
its precise symmetry, because the current resolution in the focal planes
is only 12.5nm. In order to ensure that the observed holes were not just
artefacts, an user assisted, semi-automated segmentation routine in
Paraview (see Materials and Methods) was independently applied to a
subset of data that included the scale shown in Fig. 3C. Fig. 3D shows
the rendered result of the assisted, semi-automated segmentation. The
segmented part of the scale unequivocally revealed the presence of the
hole. With respect to screening for holes, this independent method was
much faster. A comparative overlap of both segmentation approaches is
shown in Fig. 3E.

axes, e.g. the major and the minor axis, correspond to the length and
width of the scale (see scheme, Fig. 3A). The third principal axis
(depth), which is the shortest, does not carry any useful information,
because the structure of the scales in that dimension is too complex.
Therefore, extended line scans along the two longer principal axes
(50 nm in width) are used to reconstruct and compare the cross-sections
of the scales. Fig. 3B shows the obtained side views of the two principal
axes, and furthermore two sections, S1 and S2, which are spaced
1.25 μm left and right to the minor axis, respectively.
The proﬁles of the 13 manually segmented scales (Fig. 3B) illustrate
the variability of the scale morphology in one Mallomonas cell. The
structure of the domes of the scales comprise a wide range of scale
widths, lengths, and curvatures. Even a coiled, encapsulated dome is
observed in extreme cases (Fig. 3B, bottom scale). Similar variations are
observed at the rear edge of the scales, opposite to the dome. Many
scales show a hook-like rim. It is more or less extended along the entire
edge, but can also be completely absent (see also Fig. 3B, S2). There is a
noticeably typical bending along the major axis. Most scales have a
bending radius along the major axis of about 3.0μm, but a few cells
have radii smaller than that down to a radius of about 1.5 μm. The
curvatures along the minor axis have the tendency to be negatively
curved. Despite the morphological variability with respect to the observed speciﬁc features, the overall geometry of the scales is rather
consistent representing a hyperbolic paraboloid shape, which is the
typical shape for stackable potato chips. The length, L and width, W of
the scales are measured as L ∼ 4.1 ± 0.3 μm and W ∼ 2.1 ± 0.1 μm,
respectively, which corresponds to an aspect ratio of about two. The
volume
of
an
average
scale
is
V ∼ 0.26 ± 0.05 μm3
(Vnucleus ∼ 15 μm3), which corresponds to an average weight of about
0.6 pico-gram assuming that the material is an amorphous, homogeneous and compact solid of SiO2 (2.2 g/cm3) (Nagata et al., 2015).

3.4. Three-dimensional orientation of scales
The data set of the segmented scales was analyzed with respect to
the relative orientation of scales towards each other in three dimensions. The rotational information of the principal components was used
to extract the angular information of the major axis for each individual
of the 13 manually segmented scales. Fig. 4 shows a three-dimensional
view of the orientation of scales in green, blue and red data points that
correspond to cross-section of the principal components (center of
mass). The orientation of the scales is visualized by black arrows that
point away from the dome of the scales along the major axis. The cell
nucleus is shown as a reference point (Fig. 4, marked in yellow). In the
5
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Fig. 3. Analysis of the arrangement and shape of
siliceous scales. (A) Scheme of a scale indicating the
50 nm wide sections for PCA analysis, major axis
(dashed line), minor axis (solid line), and from the
minor axis 1.25 μm spaced sections, S1 and S2
(dotted lines). (B) The proﬁles of scales. (C–E)
Comparison between manually and computer assisted segmentation. The front- (top image) and
back-side (bottom image) of a scale (marked with
asterisk in (B)) is shown in red and blue color for the
manually (C) and computer assisted (D) segmentation, respectively. (E) The match of both segmentation methods. The length and width of this scale is
about 4 μm and 2 μm.

are indicated by the colored lines (Fig. 4), which connect the respective
scales, and spiral parallel along the cell body. The color-schemes applied to Fig. 2D and Fig. 4 match each other (see also Movies 1 and 2). A
single clockwise curve is shown as a black dashed line. It is almost
perfectly aligned in parallel to the major axis orientation (black arrows). One blue scale is not aligned to the blue counterclockwise helix
and actually not considered, because it is obvious that this scale breaks
out from the overall scale case pattern (see Movie 1 for details). Arguably, it remains unclear whether or not this arrangement indicates an
actively controlled renewal and exchange process of individual scales,
or just an artifact induced by specimen handling.

3.5. In-silico reconstruction of the scale case
The extraction of detailed geometrical parameters from a partial
Mallomonas specimen enables the modelling of a generic in silico cell
and its entire arrangement of scales (scale case). We postulate that scale
cases of Synurophyceae, such as the scale case of Mallomonas, can be
described with a Fibonacci number model, similarly as observed in
growth patterns of sunﬂower seeds, pinecones and pineapples (Vogel,
1979; Minarova, 2014). Fig. 5 shows a three-dimensional reconstruction. We estimated the cell shape to be ellipsoidal with the height twice
as large as the width which was experimentally determined by Cryo-FIB
SEM (see also Fig. 1B). Simpliﬁed scales are represented by ellipsoidal
nanodiscs, for which the complex curved morphology of each individual scale was neglected (Fig. 3). Table 1 shows the complete list of
measured and estimated parameters that were used for the minimalistic

Fig. 4. Simpliﬁed three-dimensional view of the segmentation. Shown are the
center of mass of the scales (green, blue and red) and the nucleus (yellow), as
data points. The direction of the major axis of the scales (pointing away from
the dome) is indicated by black arrows. The green, blue and red connective
solid lines correspond to the spirals with counterclockwise helicity that connect
the scales successively. The black dashed line represents a clockwise spiral,
exemplarily. A three-dimensional animation of this plot is shown in Movie 2
(supplemental material).

reconstruction, the scales are arranged along two virtual lines that
spiral around the cell body with opposite helicity, here approximated
by cubic spline curves. The virtual lines with counterclockwise helicity
6
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obtained using F6 = 8. The subsequently lower Fibonacci number, e.g.
F5 = 5, leads to large gaps between scales exposing parts of the cell
body, while the model using F7 = 13 exhibits an over-crowded scale
distribution surrounding the cell body (Fig. S2), compared to the experimentally observed Mallomonas cells. In summary, the model using
F6 does not only represent the biologically observed Mallomonas cell in
the best way, but it also exhibits the minimum number of scales needed
to cover the entire cell body. The latter implies an optimized cell state
with the minimum amount of biomineralized material necessary to be
transformed into scales. Thus, we conclude that the scale case arrangement of Mallomonas follows spirals of Fibonacci numbers.
Fig. 5. Three-dimensional in silico reconstruction of Mallomonas using the experimentally obtained data. (A) Positioning scaﬀold of the scales following a
Fibonacci-sequence (F6 = 8) surrounding an ellipsoidal cell shape. Each of these
eight helically arranged lines are connected by black solid lines. One line is
highlighted by green circles for the sake of visibility, the other scale positions
are indicated with red circles. The white circles on the poles of the cell scaﬀold
are not used as positions for the scales. (B) Reconstructed Mallomonas with
attached and properly orientated scales. All of the 64 scales are illustrated as
ellipsoids. The model parameters that were experimentally measured and estimated are listed in Table 1.

4. Discussion
This work describes the scale case of the SiO2 biomineralizing synurophyte Mallomonas investigated in high-pressure frozen (HPF)
samples, which were directly prepared from the culture medium. This
methodology hardly aﬀects the ultrastructure nor does it change the
elemental composition of the material. Previous investigations of the
scale case were performed using conventional SEM, which produces
only projections in 2D. Cryo-FIB SEM, as applied in this study, is suitable to archive a much more native view of the observed Mallomonas.
It is the preferred methodology for mapping the complex shapes and
pattern arrangements of individual scales on the curved cell surface.
The main challenge is to resolve individual scales despite their ﬁligree thickness. While the substructural papillae of the scales (Fig. S3)
could not be resolved using Cryo-FIB SEM with the current settings, a
large volume of the cell could be observed showing suﬃcient material
contrast to identify the scale case. Due to the rotational symmetry of the
scale case, N = 13 segmented scales were suﬃcient to get statistical
information of scales, e.g. height, width, geometric shape, and orientation relative to their neighbouring scales in 3D. The obtained experimental information was suﬃcient to reconstruct an in silico scale
case. A scale case model was obtained by applying the Fibonacci pattern theory by taking account of all measurable experimental information. Only the Fibonacci number F6 = 8, which represented the
native scale case best, was determined by ﬁtting. Although, the model
represent the scale distribution and orientation very well, the complex
shape of single scales were not taken into account. The large variation
of curvatures and rim morphologies of the analyzed scales (Figs. 1D and
3B) are most probably responsible for the mechanical stability of these
ﬁligree scales. In this model a simpliﬁed scale geometry (ellipsoidal)
was representatively used to visualize the entire scale case. While the
model is rather simple, it can be used to study functional aspects of the
scale case with the support of additional experiments.
One possible functionality of the scale case is the light management
in relation to photosynthesis. Two features may be of importance in this
respect: The individual lens geometry-like curved shape of scales and
the regular surface lattice of sequined papillae (Rezacova et al., 2006).
It can be speculated that the arrangement and architecture of the scales
interfere with deep-UV optical frequencies, because the experimentally
observed length scales (geometry) are in the order of deep-UV wavelengths. This hypothesis supports the hexagonal lattice spacing of the
papillae that is about 105 ± 5 nm. The latter was quantiﬁed based on
FFT analysis of SEM images (see Fig. S3). Although, the observed experimental data are not suﬃcient to consider a more detailed model
yet, high-resolution Cryo-FIB SEM of a suﬃciently large data set may
lead to deeper insights into how synurophyte algae manage light for
balancing UV damage of sensitive cell compounds while harvesting the
photonic energy. Taking the viewpoint of an ecological level, it is required to analyze a tremendous number of synurophyte species.
Therefore, it is important to estimate the minimum time requirements
for obtaining the relevant information with the current technical options.
In this study, a combination of Cryo-FIB SEM and conventional SEM
was used to extract relevant information of the scale case at a given

Table 1
Model parameters.
Parameters

Note

Values

Source

[minor axis]

6.9 μm

Measured

[2·w]
[shortest distance]

13.8 μm
1.8 μm

Estimated
Measured

L
W
H

Diameter of
Mallomonas
Height of Mallomonas
Distance between
scales
Length of scales
Width of scales
Thickness of scales

[major axis]
[minor axis]
[chosen for better
visualization]

4.1 μm
2.1 μm
0.2 μm

Measured
Measured
Estimated

F6
Φ
θ
φ

Fibonacci number
Golden angle
Polar angle
Azimuth angle

8
∼ 137.5°

Fitted

w
h
ds

[− π /2: π /2 ]
[0: 2π ]

model. The azimuthal angle position (φ ) rotates through the golden
angle, Φ ∼ 137.5°, which is calculated as Φ = (1 + 5 )/2 . The measured scale-to-scale distance ds on the surface of the cell body is used to
calculate the increment in θ (polar angle). Thus, the positions (center of
mass) of the scales i for each Fibonacci spiral k is determined using
spherical coordinates, as

x i = 1/ 2·w·cosθik ·cosφik

(1)

yi = 1/ 2·w·cosθik ·sinφik

(2)

z i = 1/ 2·h·sinθik

(3)

with

φik+ 1 = φik + iΦ·Fn

(4)

w
2πids ⎤ ⎞
θik+ 1 = arctan ⎛⎜ tan ⎡θ0k +
⎟
⎢
p ⎥
⎣
⎦⎠
⎝h

(5)

and the approximated perimeter

p ≈ π [(w + h) −

(3w + h)(w + 3h) ],

(6)

where w and h are the width and height of the cell body (Weisstein,
2019), Fn the Fibonacci number, θik = [−π /2: π /2], and φ0k = k ·2π /Fn
with the index k = [1: Fn]. By screening the model using diﬀerent Fibonacci numbers, Fn = 1, 1, 2, 3, 5, 8, 13, 21, 34, …, the choice of eight
Fibonacci spirals, F6 = 8 led to an almost completely and realistically
scale-ﬁlled cell body. Fig. 5 shows the visualization of the model that is
7
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assembly of biominerals such as CaCO3 or SiO2 scales. Biomineral scales
usually produce a signiﬁcant materials contrast against the surrounding
organic substances when imaged in Cryo-FIB SEM. In contrast to diatoms, which reproduce their silica shell as a whole when cells divide,
the eukaryotic unicellular golden alga Mallomonas continuously produces one scale after the other, similar to a conveyor belt. The functional role of the mineralized scales in the phototrophic metabolism of
Mallomonas is still unclear. It is speculated that an evolutionary conserved transport mechanism achieves complete coverage of the cell by a
regular arrangement of siliceous scales and bristles. This study demonstrates that Cryo-FIB SEM, combined with biological and computational know-how, oﬀers eﬃcient and reliable strategies to tackle
questions related to structural and cell biological requirements for
harvesting light energy by means of silica scales, which are functionally
arranged in a species-speciﬁc, 3D scale case. A major limitation for
Mallomonas is the fact that some scales can be extremely thin, and
therefore easily escape the automated detection. It can be concluded
that imaging parameters must account for the thickness of individual
scales in order to implement eﬃcient reconstruction of the entire scale
case.

time point during the cell cycle of a Mallomonas cell. It revealed the
pros and cons using such a combined experimental approach. In this
study it was not taken fully advantage of the spatial and greyscale resolution limit of Cryo-FIB SEM. However, raw data were acquired in
reasonable
time
(4
5 h)
and
suﬃcient
resolution
(12.5nm × 12.5nm × 25.0nm; 8bit grayscale) to extract the necessary
information and to reconstruct an entire in silico scale case.
Fully- or semi-automated segmentation methods, as exemplarily
applied to a subset of data in this study, would compensate for the
additional observation time: A Cryo-FIB SEM record of an entire
Mallomonas with using the resolution limit (5nm × 5nm × 20nm) of
the AURIGA Cryo-FIB SEM (Vidavsky et al., 2016) at a higher grayscale,
i.e. 16bit, would lead to 16 times larger storage space and about 8 times
more observation time. One has to consider the same sample volume
and to apply the similar electron dose per image. In this case the total
dwell time per pixel is four times less and results in a lower signal-tonoise ratio. For visual inspection a 2 × 2 binning would allow one to
generate a lower resolution image with an equivalent signal-to-noise
ratio. The extra costs in memory, time and signal-to-noise ratio would
be compensated by developing an full automated segmentation method.
The diﬀerence between the analysis methods performed with one
Mallomonas scale in this study is shown in Fig. 3C-E. The manual segmentation of the scale took about 4 h of active labour cost, while the
automated segmentation took about 10 min in parameter adjustments
and additional 5 min computing time using the parallel computing infrastructure. The tests carried out showed further on, that these 5 min
can be kept nearly independent from the size of the dataset once parallel post-processing and visualization procedures are applied, i.e. increase of the node number of the parallel computing infrastructure.
Additional electron signals observed by diﬀerent detection methods,
e.g. BSE detectors for Si biominerals, could lead to additional synergetic
results a manual segmentation cannot oﬀer.
Conclusively, these results demonstrate that the requirements to the
collected data set are in some aspects diﬀerent for automated segmentation than they are for visual inspection and segmentation.
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(1) The grey-scale range of the data set should not be reduced in order
to save storage space or computational resources in post-processing.
Even though the human eye can only separate 60–80 grey levels,
image ﬁltering and automatic segmentation procedures would
beneﬁt from an extended data range.
(2) The resolution of the dataset should be as high as possible to
achieve a clearly distinguished histogram for the structures under
consideration. Also here, the data size should not be limited in
order to save storage space or computational resources.
(3) The histogram should not be modiﬁed in advance, e.g. shifted or
cropped, to allow a clear visible inspection. In this respect the experiences made in this study showed, that image ﬁltering and automatic segmentation procedures would beneﬁt from the original
information that are contained in the complete image sequence.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, athttps://doi.org/10.1016/j.jsb.2019.10.005.
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