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Abstract :

Attenuated total reflection (ATR) microscope Fourier transform infrared (micro-FTIR) spectroscopy was
used to investigate the dinosporin composition in the walls of modern, organic-walled dinoflagellate resting
cysts (dinocysts). Variable cyst wall compositions were observed, which led to the erection of four
spectrochemical groups, some with striking similarities to other resistant biomacromolecules such as
sporopollenin and algaenan. Furthermore, possible proxies derivable from the spectrochemical
composition of modern and fossil dinocysts were discussed. The color of the dinocyst walls was reflected
in the spectral data. When comparing that color with a standard and the results of a series of bleaching
experiments with oxidative agents, eumelanin was assigned as a likely pigment contributing to the
observed color. Following this assignment, the role of eumelanin as an ultraviolet sunscreen in colored
dinocysts was hypothesized, and its implications on the autofluorescence and morphological preservation
of dinocysts were further discussed. Unlike what had previously been assumed, it was shown that micro-
FTIR data from dinocysts cannot be used to unambiguously infer trophic affinities of their associated cells.
Finally, using methods with high spatial resolutions (synchrotron transmission micro-FTIR and optical
photothermal infrared spectroscopy), it was shown that dinocyst wall layers are chemically homogenous
at the probed scales. This study fills a large knowledge gap in our understanding of the chemical nature
of dinocyst walls and has nuanced certain assumptions and interpretations made in the past.
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Abbreviations

ATR, attenuated total reflection; BA, barrier filter; BP, bandpass filter; CLB, cellulose-like
backbone; DM, dichroic mirror; FTIR, Fourier transform infrared; HAB, harmful algal
bloom; HCI, hydrochloric acid; HF, hydrofluoric acid; IR, infrared; MAAs, mycosporine-like
amino acids; MCT, mercury cadmium telluride; NA, numerical aperture; O-PTIR, optical
photothermal infrared; PBC, polynomial baseline correction; PKSs, polyketide synthases;
QCL, quantum cascade laser; SG, Savitzky-Golay; SNR, signal-to-noise ratio; SPT, sodium

polytungstate; UV, ultraviolet

1. INTRODUCTION

Dinoflagellates are a biologically diverse group of aquatic microorganisms with
mainly planktonic, but also benthic, symbiotic, and parasitic forms, including species which
can produce toxins and cause harmful algal blooms (HABs) (e.g., Hackett et al., 2004;
Lundholm et al., 2022; Smayda, 2002; Taylor, 1987; Taylor et al., 2008). Dinoflagellates
exhibit a variety of feeding strategies ranging from exclusive autotrophy to exclusive
heterotrophy, with intermediate obligatory or facultative mixotrophy (e.g., Schnepf and
Elbréachter, 1992; Stoecker, 1999). Their prey types can be diverse, ranging from single
bacterial cells to other protists and even other dinoflagellates (e.g., Jacobson and Anderson,
1986; Jeong et al., 2010). The determination of dinoflagellate trophic affinities is important
since abundances and ratios of heterotrophic vs. autotrophic species are commonly used as
indicators for natural and human-induced eutrophication (e.g., Li et al., 2020; Penaud et al.,
2018), ecology (Rodrigues, 2022), and as paleoclimatological and paleoenvironmental proxies

(e.g., Penaud et al., 2018; Pospelova et al., 2006). Deriving the trophic affinity is not always
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straightforward and over the last few decades, many autotrophic dinoflagellates were found to
be mixotrophic, among which many species responsible for HABs (Garcia-Oliva et al., 2022).
Approximately 90% of known extant species live in marine to brackish environments, with
the remainder restricted to freshwater settings (Taylor et al., 2008). Marine taxa generally
occur within temperature-defined broad latitudinal and neritic zones (Taylor, 1987).
Predominantly motile, autotrophic freshwater taxa generally show a high endemism,
seasonality, and stronger eutrophication responses, and occur in ponds and lakes at vastly
different altitudes (Pollingher, 1987). Approximately 13—16% (~200) of extant dinoflagellate
species produce dormant resting cysts (dinocysts or hypnozygotes, from here on referred to as
‘cysts’, unless otherwise specified) often during a diploid stage in their otherwise haplophasic
lifecycle (Head, 1996). Besides the occurrence of calcareous and silicious forms, most cysts
are organic-walled, sometimes with multiple wall layers (Evitt, 1985). These are highly
resistant to physical and chemical degradation, explaining the occurrence of more than 2500
described fossil morphospecies, the oldest dating as far back as the Triassic (240 million years
ago; e.g., Mangerud et al., 2019; Taylor et al., 2008). The main known functions of cysts
include nuclear replenishment and recombination through meiosis, aiding in propagation and
dispersion, as well as providing protection against unfavorable conditions, predation, and
parasitic attack (Bravo & Figueroa, 2014). Walls of modern cysts are often transparent,
though their color can range from light yellow to dark brown and can be an important
taxonomic trait (Matsuoka & Fukuyo, 2000). Colored cysts are known to be less resistant to
oxidizing agents and acetolysis (Brenner, 1998; Dale, 1976; Marret, 1993; Persson & Smith,
2022; Reid, 1977) and less autofluorescent (Brenner and Biebow, 2001) than transparent
forms. Most of the modern, exclusively heterotrophic, cyst-forming dinoflagellates form

colored cysts, while most autototrophic and mixotrophic species produce transparent cysts,
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though exceptions exist (e.g., Gymnodinium catenatum, Parvodinium umbonatum, Polykrikos

hartmanii, Trinovantedinium applanatum).

Surprisingly little is known about the composition of cyst walls and the factors
contributing to its variability. They have long been thought to consist of a suite of refractory
biomacromolecules known as dinosporin (Fensome et al., 1993), which is believed to be
compositionally different from other resistant biomacromolecules such as algaenan and
sporopollenin found in the walls of mostly freshwater green algae and spores and pollen,
respectively (e.g., Kokinos et al., 1998). A highly detailed characterization of the molecular
building blocks of dinosporin requires the use of costly and time-consuming analytical
methods like temperature-resolved, Curie-point pyrolysis-gas chromatography and flash
pyrolysis-gas chromatography-mass spectrometry for which often very clean cysts (de Leeuw
et al., 2006) and large sample volumes are needed (several 100—-1000 cysts). Therefore, such
studies are rare and have yielded notably different results in the past; for modern cysts,
Kokinos et al. (1998) used cultured Lingulodinium machaerophorum and reported a relatively
condensed and strongly aromatic macromolecular buildup, devoid of carotenoids and with
tocopherol as a major building block. Contrastingly, for the same species, Versteegh et al.
(2012) suggested a strongly cross-linked carbohydrate-based polymer devoid of tocopherol
and hypothesized that the differential outcome might be due to dissimilarities in the cyst wall

isolation and purification methods used and/or unwanted contaminants.

An alternative, relatively low-cost, and rapid method for investigating cyst wall
compositions is Fourier transform infrared (FTIR) spectroscopy, which provides a broader
macromolecular picture by detecting molecular vibrations induced by probing the sample

with infrared (IR) radiation at specific frequencies (expressed in wavenumbers, usually mid-
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IR = 4000-400 cm™1). The resulting data yield spectra with absorption bands whose positions
correlate to constituent atom types, their mutual covalent bond types, and their local
functional group. By using a microscope (micro-FTIR), the IR beam can be carefully aligned
and focused to a spot size close to the mid-infrared diffraction limit of ~10 pm. Hence,
spectra from individual cysts (usually 20—60 pm in size) can be retrieved, allowing inter and
intraspecific spectrochemical comparisons. A method based on attenuated total reflection
(ATR) micro-FTIR spectroscopy was evaluated to be most optimal for such comparisons
(Meyvisch et al., 2022). The main advantages FTIR spectroscopy over the mass spectrometry-
based methods mentioned earlier are: (i) smaller required sample volumes, (ii) better cost vs.
time efficiency (allowing relatively rapid upscaling diverse datasets), and (iii) the yield of
macromolecular information. The main disadvantage is that it provides a less detailed and
semi-quantitative molecular picture. ATR micro-FTIR spectra from dinocysts are currently
not fully quantitative, as this requires calibration models using the concentrations of the main
macromolecules present in the cysts. Further common processing and interpretation options

for these spectra were described by Meyvisch et al. (2022).

Micro-FTIR has previously been applied to assess compositional differences between
fossil Thalassiphora pelagica cysts from oxic and sulphidic depositional environments
(Versteegh et al., 2007, 2020), as a chemotaxonomical tool for distinguishing between
morphologically similar fossil (Apectodinium complex; Bogus et al., 2012) and modern cysts
(Gurdebeke et al., 2018, 2020, 2021), for studying organic-walled division cysts of
Unruhdinium penardii var. robustum (Mertens et al. 2021) and as a tool for inferring trophic
affinities of associated, modern, motile dinoflagellate cells (Bogus et al., 2014; Gurdebeke,

2019). Most of the abovementioned studies used a non-optimal data collection method (i.e.,

IDate of submission: 31/07/2023 6



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

transflection micro-FTIR spectroscopy; Meyvisch et al. 2022) and relatively small datasets

(<30 spectra) containing a limited number of taxa (usually <10).

The main objectives of this study were (i) to further explore the chemical variability of
dinosporin, and (ii) to reassess the relation between dinocyst wall composition and its color,
as well as its inferred trophic affinity. This was done via the collection of a large dataset of
211 ATR micro-FTIR spectra from a wide range of modern, colored and transparent, auto-,
mixo- and heterotrophic dinocyst taxa, isolated from a collection of surface sediment samples
from the Northern Hemisphere. To specifically test the correlation between cyst wall
composition and trophic affinity, exceptional cyst taxa such as the transparent heterotroph
Trinovantedinium applanatum and the dark brown-colored autotroph Parvodinium
umbonatum were also included in this dataset. In some additional experiments, several cysts
were exposed to oxidizing agents such as ultraviolet-A (UV-A) radiation (315—400 nm) and
hydrogen peroxide (H,0,) and their bleaching behavior was monitored. This task was carried
out to assess the effects of loss of color on their chemical composition, and whether any
visible morphological changes occur during oxidation. Finally, the compositional variability
within 169 single cyst specimens was investigated by using spectrochemical methods with a
high spatial resolution, i.e., synchrotron radiation transmission micro-FTIR spectroscopy (~6
X 6 um? spot size) and optical photothermal infrared (O-PTIR) spectroscopy (~0.5 X 0.5

um? spot size).

2. MATERIALS AND METHODS

2.1 Sample selection, processing and dinocyst isolation
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Modern surface sediment samples from diverse marine, brackish and freshwater
environments in the Northern Hemisphere were used in this study; some of which were
processed using room temperature 7.3% hydrochloric acid (HCl) and warm (60 °C) 40%
hydrofluoric acid (HF) (Table S1). In addition, a specimen from a macerated drill core sample
from the Cretaceous of Belgium (Coniacian—Santonian) was studied (Table S1). The common
goal of all used processing steps was to yield residues containing clean and readily extractable
cysts, while minimizing chances for inducing chemical alteration of the samples in the
process. Besides occasional acid treatment, other common methods included ultrasonication,
sodium polytungstate (SPT; 2.1 g - cm™3) heavy liquid density separation, filtering (125 and 8
um) and decanting. From the processed residues, individual cysts were identified,
photographed, isolated, and deposited on measurement substrates (IR-grade 2.54 cm diameter
CaF,-disk for Synchrotron transmission micro-FTIR and O-PTIR spectroscopy; 5 X 5 cm IR-
enhanced Au mirror for ATR micro-FTIR spectroscopy) via a protocol described in Meyvisch
et al. (2022). Several solid aggregates of a Sepia officinalis eumelanin (Sigma M2649) and
crystals of a microcrystalline cellulose (Sigma 435236) standard were also analyzed (Sigma-

Aldrich, St. Louis, Missouri, USA).

2.2 ATR micro-FTIR spectroscopy

2.2.1 Data collection

ATR micro-FTIR spectra of individual cysts and standards were recorded at Ghent

University using a Bruker Vertex 80v spectrometer (Bruker, Billerica, USA) with Globar IR

source coupled to a Hyperion 2000 infrared (IR) microscope. Using a liquid N,-cooled

mercury cadmium telluride (MCT) detector in the microscope and a KBr beam splitter in the
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bench spectrometer, IR spectral ranges of 4500-600 cm™?

were recorded in atmospheric
conditions at 4 cm™? resolution with 256 scans. The germanium ATR crystal (n = 4.0; 100
pum tip diameter) was mounted on the 20 X (0.6 NA) objective of the Hyperion microscope. A
new background spectrum was recorded every 3—5 measurements. Practicalities concerning

background and sample measurements and cleaning of the ATR crystal between

measurements can be found in Meyvisch et al. (2022).

2.2.2 Data processing

Using OPUS 8.2.21 (Bruker) software, atmospheric contributions from CO, and H,0
were subtracted from all ATR spectra which were subsequently exported as individual *.txt
files and merged into a dataframe (*.xlsx) with added metadata using RStudio (Team RS,
2020) (Table S2). The resulting dataset was further processed in Quasar 1.7.0 (Demsar et al.,
2013; Toplak et al., 2021). Spectral processing was carried out in Quasar’s “Preprocess
Spectra” widget from the “Spectroscopy” add-on (version 0.6.9) and was done in two ways,
depending on further usage of the data: (i) For visual spectral comparisons, processing
included (in that order): Savitzky-Golay (SG) filtering (window size = 11, polynomial order
= 2, derivative order = 0), polynomial baseline correction (PBC; rubberband method), cutting
out regions of either 4000-600 cm™?! or 1800-600 cm™!, vector normalization, and
averaging. For calculating second derivatives (to detect peak positions, especially of partially
overlapping bands), the derivative order during SG filtering was set to 2 (other parameters
were kept the same) and the PBC was left out; (i) For principal component analysis (PCA),
processing included (in that order): cutting out regions of both 3000-2800 cm™* and 1800
600 cm™1, PBC, Savitzky-Golay (SG) filtering (window size = 11, polynomial order = 2,

derivative order = 0), and vector normalization. Here it was opted to cut out the spectral
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regions of interest prior to PBC and normalization in order to prevent interferences of noise
and deviations in the baselines from spectrally uninformative regions during subsequent
processing steps. These processed spectra were then fed into Quasar’s “PCA” (principal
component analysis) widget with the parameter box “Normalize variables” unchecked. The
first two components (PC1 and PC2) were kept, as they explained most the variance in the

dataset (see results).

2.3 Dinocyst bleaching

Bleaching experiments were carried out at Ifremer LER BO (Concarneau, France).
Two types of bleaching (i.e., oxidizing) agents were used: H,0, and UV-A light. For H,0,
bleaching, individual cysts were isolated from filtered and density separated (SPT, 1.4 g -
cm™3) surface sediment residues (Table S3) and were deposited in polystyrene Falcon®
Multiwells™ (Corning, New York, USA) containing 0.5 ml Millipore Milli-Q® water (Merck
Millipore, Burlington, Massachusetts, USA). The isolated specimens were first photographed
at 400 X magnification under an IX70 microscope (Olympus, Tokyo, Japan). Afterwards 0.5
ml of 30% H,0, was added and several s later, images at 1 frame - s~ were recorded for
usually several mins onwards. For UV-A bleaching individual specimens were isolated from
the same processed residues, deposited on a glass slide with a cover slip and photographed at
1000 x magnification, using a BX41 fluorescence microscope (Olympus, Tokyo, Japan).
Afterwards, specimens were illuminated with the microscope’s built-in UV-A source (U-
MWU2 epifluorescence filter sets; excitation: BP330-385; beam splitter: DM400; emission:
BA420), while recording images at 1 frame - s™1. Bleached cysts were extracted from the
wells and slides and transferred to drops of distilled water. Leftover cell contents were

removed by piercing and manipulating the cysts with a sterile 0.02 mm stainless steel
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dissection needle (Fine Science Tools Inc., Foster City, California, USA) and by transferring
them to clean drops of distilled water. After cleaning, specimens were transferred to an Au

mirror for ATR micro-FTIR analysis at Ghent University.

2.4 Synchrotron transmission micro-FTIR spectroscopy

These analyses were done in June 2021 at the SMIS beamline (synchrotron SOLEIL,
France). Spectra were collected in transmission mode using a Thermo Nicolet 8700
spectrometer (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) coupled to a
TFS Continuum microscope equipped with a liquid N,-cooled 50 X 50 um? MCT detector,
using a 32 X (0.65 NA) Schwarzschild objective and matching condenser. The microscope
aperture was set to 6 X 6 um?. Prior to each measurement, the microscope was focused on the
middle of the dinocyst specimen, the condenser was manually aligned to maximize detected
IR signal intensities, and a background spectrum was recorded on an empty region of the
CaF, disk several tens of pm away from the sample. Hyperspectral maps of individual
dinocyst specimens were measured by raster scanning the sample in 3 or 4 pm steps. IR
spectral ranges of 4000-850 cm™~! were recorded in atmospheric conditions at cm™?!
resolution with 80 scans. For initial data visualization, the software Omnic 9.2 (Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA) was used. Further spectral processing
was also done in Quasar 1.7.0 (comparable to the ATR data; see subsection 2.2.2) and
included (in that order): SG filtering (window size = 15, polynomial order = 2, derivative
order = 0), cutting out region of 1800-900 cm™1, PBC, vector normalization and averaging.
Figures were exported in *.svg format and further processed in Inkscape 1.2.2 (Inkscape

Project, 2020).
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2.5 O-PTIR spectroscopy

O-PTIR analyses were done with a mIRage IR microscope (Photothermal
Spectroscopy Corp., Santa Barbara, USA) from the SMIS extension lab (synchrotron
SOLEIL, France). Spectra were collected in reflection mode at 2 cm™1 spectral resolution in
“High signal-to-noise ratio (SNR) mode” (100 cm™! - s~ sweep speed), through a 40 X (0.78
NA), 8 mm working distance Schwarzschild objective (spot size ~0.5 um). The IR source
was a pulsed, tunable four-stage quantum cascade laser (QCL) scanning in the following
wavenumber ranges: 30262700, 18001510, 15101200 and 1200-920 cm™?. The reflected
IR light was detected with a high-sensitivity avalanche photodiode. The probe was a
continuous wave 532 nm visible laser with variable power. The power of the QCL was set to
either 46, 78 or 100% (~1.5-3 mW on the sample) and that of the probe laser to either 0.25 or
0.50% (~80—150 pW on the sample) to optimize detected signal intensities while prohibiting
oversaturation and, in case of the probe laser, photodamage to the sample. For some
dinocysts, single spectra (29 s per spectrum) were collected from different locations on the
specimens, after iteratively adjusting the laser focal depth for optimizing detected signal
intensities. For other specimens line scans and arrays (i.e., hyperspectral maps) were collected
with varying line and grid spacings, depending on the size of the dinocyst or feature of
interest. All hyperspectral maps were measured by averaging two spectra at each point in the
line or grid. For initial data visualization PTIR-studio (Photothermal Spectroscopy Corp.) was
used. Further spectral processing was also done in Quasar 1.7.0 (comparable to the ATR data;
see subsection 2.2.2) and included (in that order): cutting out region of 1800-950 cm™?1, PBC,
SG filtering (window size = 11, polynomial order = 2, derivative order = 0), vector

normalization and averaging.

IDate of submission: 31/07/2023 12



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

3. RESULTS

3.1 ATR micro-FTIR spectroscopy

A total of 211 empty and clean, modern cysts (10 families, 24 genera, 50 species) from
17 different locations were analyzed via ATR micro-FTIR spectroscopy (dataset in Table S2,
additional metadata in Table S3). At least two reproducible spectra were recorded for each
taxon or defined complex. The raw spectra all showed a comparable, nonlinear, sloping
baseline (due to the reflection of the evanescent wave on the Au measurement substrate)
which was subtracted using a PBC. The regions of 4000-600 cm™~1 and 1800600 cm™! were
used for visual spectral comparisons (Figure 1a—b) and constituting absorption bands were
identified using the literature (Table 1). Most of the recorded spectral variation between taxa
was found in a part of the high wavenumber and fingerprint regions (3000-2800 cm™2, 1800~
600 cm™? respectively; Figure 1b), therefore these regions were the focus for further PCA
(Figure 1a—d, Figure 2). The spectral variation in these regions was reflected in the amount of

variance explained by the first two components (PC1: 73.5%, PC2: 12.8%, together: 86.3%).

3.2 Dinocyst bleaching and subsequent ATR micro-FTIR spectroscopy

A total of 33 isolated, modern cyst specimens were bleached (17 H,0,, 16 UV-A). Of
those, 18 (15 H,0,, three UV-A) were analyzed via ATR micro-FTIR spectroscopy, of which
six (one H,0,, five UV-A) specimens are presented here (Figure 3, Figures S1-S2, Videos
S1-S4; data in Table S2, additional metadata in Table S3). For both methods, visible
bleaching and movement of the cyst wall and the cellular contents started within a few s after

introducing the oxidative agents (Videos S1-S4). Bleaching speeds were higher for the used
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UV-A source than the used volume and concentration of H,0,. The red body in taxa with
colored cyst walls lost most of its color after approx. 5.50 mins of UV-A exposure (Video
S1), while this was generally shorter, approx. 3.50 mins, for taxa with transparent cyst walls
and (Video S2). Taxa with colored cyst walls and processes and/or ridges progressively
reduced or lost their color and ornamentation during UV and chemical bleaching, while this
was not the case for taxa with transparent cyst walls and often equally delicate ornamentation

(Figures S1-S2, Videos S2—-S3).

3.3 Synchrotron transmission micro-FTIR spectroscopy

A total of 169 cyst specimens (123 modern, 46 fossil) were analyzed via synchrotron
transmission micro-FTIR spectroscopy. Five specimens (three modern, two fossil) were fully
mapped, for three modern specimens line scans (e.g., from process to central body) were
recorded and for 13 specimens (six modern, seven fossil discrete point measurements from
the central body and ornamentation were obtained. Single spectra were extracted from the 148
remaining specimens. One mapped specimen from the Coniacian—Santonian of Belgium is
presented (Figure 4a, dataset in Table S4). All transmission spectra showed expected
scattering and interference artifacts, mainly visible in the region of 4000-1800 cm™! (not
shown here). The region of 1800-900 cm™~! was selected for visual spectral comparisons

(Figure 4b).

3.4 O-PTIR spectroscopy

A total of 93 cyst specimens (69 modern, 24 fossil) were analyzed via O-PTIR

spectroscopy. Sixteen specimens (10 modern, six fossil) were fully mapped with step sizes
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varying from 1-5 pm, for another 16 specimens (11 modern, five fossil) line scans were
recorded and for the remaining 61 specimens at least three discrete point measurements from
different regions of the cysts were taken. Four modern specimens are presented (Figure 4c,
dataset in Table S5, analyzed areas in Figure S3). The region of 1800-950 cm™! was selected

for visual spectral comparisons, as the data from 950-920 cm™!

was generally noisy. Colored
cysts were more susceptible to getting photodamaged by the laser than transparent cysts. The
laser power was always kept <150 uW to avoid selective chemical alteration. Due to the
often-varying cyst surface topography, optimal signal intensities could only be recorded by
refocusing the laser prior to each measurement. This was only performed for discrete point
measurements, not for line and array scans. The signal intensity differences were minimized

during data processing by using vector normalization. Spectra with low SNRs were excluded

as outliers in further analyses.

4. DISCUSSION

4.1 Chemical variability of dinosporin, spectrochemical classification and resemblance to

other resistant biomacromolecules

The wide range of principal component scores for different modern cyst taxa in a two-
dimensional PCA plot of the ATR micro-FTIR dataset reveals a relatively large degree of
chemical variability in their cyst walls (Figure 1c—d, Figure 2), which is supported by the
large variance explained by the first to components (PC1: 73.5%, PC2: 12.8%, together:
86.3%). However, when looking at the individual spectra, some specific molecular
components appear ubiquitous in all specimens: there is proof for hydrogen (hydroxyl)

bonding (bands “1A” and “1D”), amide groups (bands “1B—C” and “1E”) and f-1,4-linked
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polysaccharides (bands “1F—G”) (Figure 1a—b, Table 1), suggesting that the backbone of
dinosporin is a heavily cross-linked, N-containing, cellulose-like macromolecule. These
findings support the earlier idea of dinosporin being a highly resistant, carbohydrate-based
compound, now with added support for the presence of proteinaceous — and/or (poly)peptide
— materials built into the cyst wall, rather than as possible external contaminants (Versteegh et
al., 2012). The spectrochemical similarity to cellulose was previously shown (Bogus et al.,
2014; Versteegh et al., 2012) and is also supported here (Figure 1a, Table 1). As armored
dinoflagellates can biosynthesize cellulosic compounds in the form of thecal plates (e.g.,
Janouskovec et al., 2017 and refs herein) or division cysts (Mertens et al. 2021), it is not
surprising that similar macromolecules also occur in the walls of their resting cysts. Besides
the ubiquitous cellulose-like backbone (CLB) and its associated absorption bands, sometimes
additional molecular components can be identified when looking into more detail at the
spectra. The result is a proposed classification into four spectrochemical groups, each group

defined by several characteristic absorption bands (Figure 1, Table 1).

4.1.1 Group 1: transparent cysts with basic dinosporin

This group includes transparent gonyaulacalean cysts belonging to the genera
Impagidinium, Lingulodinium, Operculodinium, Polysphaeridium, Spiniferites, Tectatodinium
and Tuberculodinium) (Plate S1). The spectra show mainly CLB absorption bands (bands
1A-G) together with weak carbonyl (17201695 cm™1) and carbohydrate-like methylene
(29552845 and 1445-1350 cm™1) bands (Figure 1a—b, Table 1). We deem these cysts to be
composed of the most basic type of dinosporin, which is further supported by the results of

bleaching experiments (see paragraph 4.2). The observed inclusion of other specific
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molecular compounds to this basic dinosporin led to the erection of three other

spectrochemical groups, each with their associated dinosporin types.

4.1.2 Group 2: colored cysts

Group 2 includes peridinialean (Archaeperidinium, Brigantedinium, Dubridinium,
Echinidinium, Lejeunecysta, Parvodinium, Peridinium, Qia, Quinquecuspis, Selenopemphix,
Trinovantedinium and Votadinium) and gymnodinialean (Gymnodinium and Polykrikos) cysts
(Plates S2—S3) which all have colored (usually light to dark brown) walls. Their characteristic
absorption bands can be associated with the presence of secondary amines (bands 2A—C;
Figure 1la—b, Table 1), which we deem to originate from the pigment(s) present in their cyst
walls. Based on the strong similarities with a spectrum of a Sepia officinalis enmelanin
standard and the bleaching behavior of colored cyst due to oxidizing agents (see paragraph
4.2), we consider that the pigment responsible for the coloration of some dinocysts is strongly
similar or possibly identical to eumelanin. In summary, we argue that the type of dinosporin
present in colored cysts is essentially basic dinosporin (as identified in group 1) with an

additional pigment which is likely eumelanin.

4.1.3 Group 3: aromatic cysts

Group 3 includes only one transparent, peridinialean cyst taxon, Trinovantedinium
applanatum (Plate S3), with characteristic absorption bands attributable to the presence of
aromatic rings (bands 3A-D; Figure 1a—b, Table 1). This unusual type of dinosporin has been
reported for 7. applanatum before (Gurdebeke et al., 2020; Meyvisch et al., 2022), but has to

date not been found in any other dinocyst taxa. Analogous to findings by Gurdebeke et al.
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(2020), our spectra also show an absence of aromatic bands for closely related and light
brown-colored Trinovantedinium pallidifulvum cysts (Mertens et al., 2017). The aromatic
dinosporin in 7. applanatum also shows similarities with sporopollenin, another resistant
biomacromolecule which is known to be partially composed of aromatic building blocks (i.e.,
p-coumaric acids; Li et al., 2019), and which has been studied much more extensively than
dinosporin via spectrochemical methods (e.g., Jardine et al., 2021 and refs herein).
Comparable characteristic aromatic absorption bands are present in a spectrum of a Pinus sp.
pollen (Figure 1a), though the absence of CLB bands indicates that sporopollenin is not
identical to the aromatic macromolecule found in 7. applanatum. In summary, we argue that
the type of dinosporin present in 7. applanatum is essentially basic dinosporin (as identified

in group 1) with addition of aromatic, sporopollenin-like molecular components.

Sporopollenin is known to provide protection against UV-induced oxidation and
microbial degradation (Blokker et al., 2005; Rozema et al., 2001), therefore a similar aromatic
macromolecule, like the one identified in 7. applanatum, could have comparable functions. It
remains a mystery why it is currently only found in this cosmopolitan species (e.g.,
Zonneveld et al., 2013), but it might be connected to 7. applanatum’s unusual transparency
with respect to its heterotrophic life mode (see paragraph 4.2.3 for further elaboration).
Interestingly, a terrestrial UV-B (280-315 nm) proxy has been established based on the
intensity of a prominent aromatic absorption band (~1510 cm™1) in FTIR spectra of pollen
and spores (e.g., Jardine et al. 2017 and refs herein). As this band is also present in spectra of
T. applanatum, its potential applicability as a marine UV-B proxy should be further
investigated via laboratory-controlled culture experiments, followed by ATR micro-FTIR
spectroscopy and spectroscopy in the ultraviolet and visible ranges. As heterotrophic

dinoflagellates are difficult to culture in general, the main challenge here lies in acquiring
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sufficient cell and cyst volumes. Perhaps the presence of 1510 cm™! band in T. applanatum,
together with other sharp bands at 1180-1250 and 1610 cm™1, might suggest the presence of
lignin (Boeriu et al., 2004), which might also be present in pollen (Kendel & Zimmermann,

2020).

4.1.4 Group 4: aliphatic cysts

Group 4 includes two transparent, peridiniacean cyst taxa, Fusiperidinium
wisconsinense and Peridinium limbatum (Plate S3), from a freshwater lake (Plastic Lake,
Table S1), which show characteristic, unusually prominent aliphatic absorption bands (bands
4A-D; Figure 1a—b, Table 1). As such, this type of dinosporin shows similarities with
algaenan (Botryococcus braunii algaenan extract; Figure 1a), another resistant
biomacromolecule known to be composed of long hydrogenated C chains (Kodner et al., 2009
and refs herein), and which is most often found in spores and resting stages of freshwater
organisms (Gelin et al., 1999; Versteegh & Blokker, 2004). Though the absence of CLB
bands in the Botryococcus spectrum indicates that algaenan is not identical to the
macromolecule found in the walls of F. wisconsinense and P. limbatum. Interestingly, spectra
of dark brown-colored Parvodinium umbonatum cysts, isolated from the same freshwater lake
sample, are classified within spectrochemical group 2 and show no unusually strong aliphatic
absorption bands. In summary, we argue that the type of dinosporin present in F.
wisconsinense and P. limbatum is essentially basic dinosporin (as identified in group 1) with

addition of aliphatic, algaenan-like molecular components.

In extant algae, algaenans have almost exclusively been reported for freshwater

species (Versteegh & Blokker, 2004). Reported instances are from spores and resting stages
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of Eustigmatophyta and Chlorophyta (the latter occur predominantly in freshwater
environments; Matsunaga et al., 2005), and no algaenans have (yet) been found in
Bacillariophyta and Haptophyta (e.g., Versteegh and Blokker, 2004). Algaenan was also
reported from vegetative cells of the marine dinoflagellate Gymnodinium catenatum (Gelin et
al., 1999), though this represents only a single instance. Algaenan likely serves as a protective
compound providing resistance to chemical and biological attack, environmental stress
(particularly to desiccation), and structural reinforcement of cell and spore walls (e.g., Kodner
et al., 2009; Versteegh and Riboulleau, 2010). The aliphatic compounds identified in F.
wisconsinense and P. limbatum might have similar biological functions, perhaps also allowing
these cysts to better survive periods of prolonged UV exposure and/or drought. However,
experiments on terrestrial, stress-tolerant algae have shown only a weak correlation between
tolerance to environmental extremes and algaenan production, with only a few species being
able to synthesize the biopolymer, suggesting that their resistance to desiccation was mainly
due to their unusually thick cell walls (Kodner et al., 2009). Surprisingly, ATR micro-FTIR
spectra of cysts of Parvodinium umbonatum contain no large, characteristic aliphatic
absorption bands, and are very similar to those of other colored cysts in spectrochemical
group 2. As such, not all freshwater cysts analyzed in this study contain algaenan-like
components and neither do cysts of G. catenatum, in contrast to the report on their vegetative
counterparts (Gelin et al., 1999). Nevertheless, the common occurrence of algaenan in resting
stages of mostly freshwater microorganisms, suggests that it contributes significantly to the

survival potential of these lifeforms in such environments.

4.2 Investigating the color of dinocyst walls
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Even though all analyzed colored cysts were grouped into one spectrochemical group
(i.e., group 2), upon detailed investigation some small inter- and intraspecific chemical
variability could be observed, mainly associated with changing intensities of a few specific
absorption bands (bands 2A—C; Table 1, Figure 1, Figure 3). Visual color gradients (generally
light to dark brown) were observed in colored cysts, sometimes even between specimens of
the same species, which led us to hypothesize that this color variation could also be spectrally
detected. To test this hypothesis, an educated guess was first made on a likely candidate
pigment responsible for the coloration of dinocyst walls. A shortlist was created by combining
molecular information retrieved from the detailed characterization of functional groups
present in spectra of colored cysts, together with prior knowledge about common light to dark
brown biological pigments known from other (micro)organisms. This led to the selection of
eumelanin as a likely pigment candidate, its subsequent spectrochemical analysis and the idea

to perform several bleaching experiments and analyses on certain cyst taxa.

4.2.1 Eumelanin: a likely pigment in colored dinocyst walls

Common biological pigments causing similar colors to those observed in colored
dinocysts are yellow to red-brown melanin, found in higher animals, seeds of plants, protists,
bacteria, and (spores of) fungi (Eisenman & Casadevall, 2012; Gao & Garcia-Pichel, 2011;
Glagoleva et al., 2020; Plonka & Grabacka, 2006), and scytonemin, commonly present in the
sheaths of cyanobacteria (Proteau et al., 1993). They both provide protection against harmful
UV-A and UV-B light, other oxidizing agents, and ionizing radiation (Carletti et al., 2014;
Proteau et al., 1993). Furthermore, many organisms, including some dinoflagellates,
synthesize other UV-protective pigments called mycosporine-like amino acids (MAAs; e.g.,

Sinha et al., 2007), but which are not known to cause any visual coloration. In dinoflagellates,
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these MAAs are known to accumulate in the cytoplasm or packed around UV-sensitive
organelles (Laurion et al., 2004) and occur in species capable of forming both transparent
(e.g., Vernet and Whitehead, 1996; Carreto et al., 2001; Flaim et al., 2014), and colored cysts
(Vale, 2015). Interestingly, several studies report an unknown MAA (M-370) in
Gymnodinium catenatum with an unknown color contribution and a strong absorption in the
near-UV-A (340—400 nm; peak at 370 nm) (J. I. Carreto et al., 2005; Jeffrey et al., 1999;
Vale, 2015). M-370 is currently only found in G. catenatum, which produces a colored cyst.
Fossilized dinocysts also show variety in cyst wall colors similar to modern counterparts,
though in several cases these might not be the result of in-situ pigmentation, but rather due to
secondary geological processes like weathering-induced post-depositional oxidation
(Traverse, 2007) and thermal maturation during diagenesis (Hartkopf-Froder et al., 2015),

which respectively induce carbonization and coalification processes.

Scytonemin was rapidly excluded from the shortlist as no evidence for C- N units
associated with aromatic rings (N = C-C = C, ~1513 cm™1) (Pandey et al., 2020) was found
in the spectra of colored cysts (Figure 1a—b, Table 1). MAAs were also excluded due to them
being essentially transparent and because it is unknown whether they also accumulate in
outer, enveloping walls or layers of microorganisms. Different melanins exist, with the most
common types being eumelanin and the S-containing pheomelanin. Less common types are
N-free pyo- and allomelanin, known from bacteria, and neuromelanin, which is present in
specific neuronal groups in human brain stems (Choi, 2021). All types other than eumelanin
were excluded given the absence of characteristic S absorption bands and the presence of
secondary amine bands in spectra of colored cysts, as well as the specific occurrence of
neuromelanin. The spectra retrieved from a Sepia officinalis eumelanin standard contain

several absorption bands which are also present in spectra of colored cysts, and which are
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547  mainly associated with the presence of hydroxyl (OH) and carbonyl (C = O) groups,

548  carboxylic acids (COOH) and secondary amines (N- H) (Figure 1, Table 1). No evidence for
549  secondary amines is found in the spectra from transparent cysts analyzed in this study (Figure
550 la-b, Table 1), suggesting that this functional group is exclusive to colored cysts and

551  originates from their constituting eumelanin pigmentation.

552

553  4.2.2 Bleaching behavior of colored dinocysts in response to oxidation

554

555 Melanins are known to bleach with oxidative agents such as H,0, (Liu et al., 2013)
556  and UV-A light, with pheomelanin showing a slightly different photostainability than

557  eumelanin (Ou-Yang et al., 2004). For this reason, we have exposed several colored cysts to
558  high (non-natural) doses of one of these oxidative agents, expecting them to bleach rapidly
559  over time, which was indeed observed (Videos S1, S3—4). Subsequently, spectra were

560 recorded for a eumelanin standard and bleached specimens to monitor the bleaching-induced
561  molecular changes (Figure 3). The spectral data show a progressive bleaching gradient with
562  exposure time to oxidation in dark brown colored Brigantedinium sp. cysts, expressed as a
563  systematic reduction of the intensity of secondary amine absorption bands (Figure 3, spectra
564  ii-iv). This is best visible in the most prominent ‘2A band’ (Figure 3, Table 1). The

565 incompletely H,0,-bleached specimen (Figure 3, spectrum iii) still shows some slight optical
566  coloration and more intense pigment-associated absorption bands when compared to the

567  thoroughly UV-A-bleached specimen (Figure 3, spectrum iv). The difference spectrum

568  (Figure 3, spectrum v) of unbleached and heavily bleached specimens shows large similarities
569 to that of the eumelanin standard (Figure 3, spectrum i), while the spectrum of the heavily

570  Dbleached specimen is quite similar to that of transparent cysts (Figure 3, spectrum vi). This
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supports the idea of the presence of a CLB as a resistant macromolecular structure in the walls

of dinocysts.

4.2.3 Possible functions of pigments in dinocyst walls

Eumelanin and related pigments provide protection against harmful UV radiation
(Carletti et al., 2014), perhaps allowing colored cysts to survive longer in the upper water
column or shallow-water sediments, to grow better in more shallow aquatic environments, or
to occupy specific econiches. The slower bleaching of the red body inside a colored
Gymodinium catenatum cyst (~5 mins) compared to that of a transparent Pentapharsodinium
dalei cyst (~3 mins) could support this hypothesis (Videos S1 and S2). The penetration depth
of UV light in water varies with the type of marine environment, but generally 90% is
scattered and absorbed in the upper 10 (UV-B) to few 10’s (UV-A) of meters (Tedetti &
Sempéré, 2006), though low doses (much lower than the doses used here) can still be harmful
to phytoplankton communities (Johnsen & Sosik, 2004). Since natural color gradients in
dinocysts occur, it would be worth investigating whether these — as well as fluctuations in
colored to transparent cyst ratios — might correlate with received environmental UV-A and
UV-B fluxes. This likely is a complicated exercise for which aspects like cyst formation,

deposition and transport need to be accounted for.

Pigments in dinocysts walls could well act as a sunscreen, because this passive —
though inefficient (given the required mass and energy investments) — form of defense is
often found in sensitive, immobile life cycle stages of microorganisms (Gao & Garcia-Pichel,
2011). Colored sunscreens in cyst walls perhaps provide additional protection to the cysts’

cellular contents by compensating for the absence or lowered accumulations of MAAs in the
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cytoplasm, or by complementing the absorption properties of specific MAAs internally
present. MAAs are known to protect against UV-inhibition of phytoplankton photosynthesis
(Day & Neale, 2002). Perhaps transparent organic-walled cysts do not need an enveloping
sunscreen layer as their corresponding, usually autotrophic, cells were able to internally
accumulate sufficiently large concentrations and suites of MAAs, which effectively protect
the entirety of the cellular contents from harmful radiation. This might explain the unusual
aromatic (i.e., capable of UV absorption) and transparent cyst wall of Trinovantedinium
applanatum (Figure 1a—b, Table 1), which could provide additional protection to compensate
for insufficient MA As present in its corresponding, heterotrophic vegetative stage.
Surprisingly, while being able to form colored cysts, the MAA concentrations in
Gymnodinium catenatum can be 1-2 orders of magnitude larger than in transparent cyst-
producing species (Vale, 2015, 2018). Despite Vale (2015) currently being the only report of
the MAA profile of a colored cyst-producing species, it could suggest that the quality, rather
than the quantity of the suite of MAAs present in the cellular contents might be related to the
presence or absence of an enveloping, colored sunscreen layer. MAA profiles of colored
autotrophs (e.g., Parvodinium umbonatum) and heterotrophs (which are difficult to culture)
are needed to further explore the possible links between cellular MAA contents, trophic
affinities, and cyst wall pigmentation, and to investigate whether mixo- and heterotrophs can
acquire and accumulate certain MA As through prey ingestion. The latter could be possible,
since common prasinophycean, dinoflagellate and diatom prey of thecate heterotrophs contain
MAAs (e.g., Jacobson and Anderson, 1986; Sinha et al., 2007). Other sunscreen functions
might be to contain active repair mechanisms associated with metabolic suppression during
the hypnozygote stage (e.g., Binder and Anderson 1990, Ellegaard and Ribeiro, 2018, Deng et
al. 2017), and/or to safeguard the breakdown of — perhaps colored cyst-specific — storage

compounds (i.e., lipid and starch globules). It is not excluded that dinocysts can build MAAs
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into their cyst wall, similar to diatoms in their frustules (Ingalls et al., 2010), but this could
not be confirmed from the spectral data presented here, due to a lack of reference spectra from
MAA standards. Even if MAAs would be present in cyst walls, it might be that their
concentrations are below the detection limit of conventional ATR micro-FTIR spectroscopy

(~280 ppm, Lanzarotta, 2015).

4.2.4 Influence of dinocyst color on its autofluorescence

The autofluorescence of eumelanin is negligible (Nighswander-Rempel et al., 2005),
but can be induced by oxidation with H,0, (Kayatz et al., 2001) and UV-A (Elleder &
Borovansky, 2001). Interestingly, during UV-A bleaching of a cyst of Dubridinium sp., a light
blue luminescent signal developed which was clearly observable after ~5 mins of bleaching
using a U-MWU2 Olympus fluorescent filter cube (Video S4). Though unlike the typical
yellow—green autofluorescence of oxidized melanin (Elleder & Borovansky, 2001; Kayatz et
al., 2001), a similar color was observed in UV-oxidized liquid melanin samples (Gallas &
Eisner, 1987), but no further explanation for this blue shift was provided. The inference of
trophic affinity through dinocyst autofluorescence (Brenner and Biebow, 2001) might be
biased because of the preference of heterotrophs to produce colored cysts. In other terms, the
reduced autofluorescence in inferred heterotrophs might perhaps be solely due to cyst wall
melanin inhibiting most of the detectable autofluorescent signals. Our observations support
this hypothesis as cysts of Trinovantedinium applanatum show autofluorescence, while those
of Parvodinium umbonatum do not. Other melanin-containing organic-walled palynomorphs
like fungal spores (Eisenman & Casadevall, 2012) and scolecodonts (Ehrlich, 2019) also

show reduced autofluorescence, while transparent forms like chlorococcalean,
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prasinophycean, desmidiacean algae, zygnematacean cysts and cuticles of pollen and spores

do not (Brenner and Biebow, 2001).

4.2.5 Differential morphological changes in dinocysts during oxidation

The loss of color in colored cysts and differential degradation of ornamentation of
transparent and colored cysts due to oxidation creates issues with respect to their
recognizability, as both morphological characteristics are important for the identification of
cysts (Matsuoka & Fukuyo, 2000). A prime example is a colored cyst of Archaeperidinium
minutum which, after UV-A bleaching, is no longer identifiable as such (Figure S1 and S2,
Video S3). Here, the loss of delicate ornamentation might be a consequence of the packing of
pigments on tegumentary layers of the already thin-walled species (Mertens et al., 2020),
which is a common conformation of sunscreens (Gao & Garcia-Pichel, 2011). Contrastingly,
the morphology of a cyst of Pentapharsodinium dalei is completely preserved, even after
more than double the UV-A bleaching duration (Figure S1, Video S2). High magnitude
photographs (1000 X) of the UV-A-bleached cyst of A. minutum show that small protrusions
of the transparent wall layer are present at the locations of where the processes used to be
(Figure S2). This supports the hypothesis of structurally packed pigments in the cysts’ outer
wall layers, which in this case formed the majority of the process volume. A relatively thick
outer pigment layer likely contributes significantly to the structural integrity of the cyst and
when it is removed via oxidation what is left is a thin, though still resistant (i.e., consisting of
a CLB), inner wall layer. Such a thin layer can be easily deformed or disintegrated, which
could explain why cysts of A. minutum are only found in modern samples and why colored
cysts in general preserve worse than their transparent counterparts which are built from

generally thicker, resistant wall layers. Such a thin and easily deformable inner wall layer
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perhaps also facilitates excystment and could be related to the generally shorter dormancy
periods of colored cysts (e.g., <15 days for Gymnodinium catenatum; Figueroa et al., 2008) in
comparison to thicker-walled transparent cysts (e.g., up to 6 months for Alexandrium
tamarense; Fukuyo, 1982). As most modern peridinalean cysts are colored, this creates a
preservational bias in favor of, typically transparent, gonyaulacalean cysts. This confirms
previous observations made on modern cysts (Marret, 1993; Persson & Smith, 2022; Reid,
1977), and this bias is likely extrapolatable to the fossil record (Dale, 1976). It is therefore
important to address the (possible) degree of oxidation of the sample in the case of
quantitative dinocyst assemblage studies, what caused it and, more importantly, to prevent
oxidative steps during sample processing. This matches previous recommendations by

Mertens et al. (2009).

4.2.6 Concluding remark on the color of dinocyst walls

While we have shown that there exist many shared characteristics between the
pigment in cyst walls and eumelanin, more specific methods such as Fontana-Masson melanin
staining (Fontana, 1912; Kimura & McGinnis, 1998; Masson, 1928), M-INK immunolabeling
(Yoshikawa-Murakami et al., 2020) and/or transcriptomics should be applied for a more
definitive confirmation of its presence. Many microorganisms, including dinoflagellates, use
polyketide synthases (PKSs) to produce pigments (including melanins), antibiotics, toxins,
and other products of intermediate metabolism (Plonka & Grabacka, 2006). Though melanin
synthesis in dinoflagellates is not reported yet, a potentially melanogenic pathway might be

present.

4.3 Re-evaluation of dinocyst composition as a proxy for trophic affinity
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In contrast to what was previously assumed by Bogus et al. (2014), our results show
that N is present in the cyst walls of both auto- and heterotropic dinoflagellates, and their
trophic affinities cannot be unambiguously inferred from the FTIR spectra of their associated
cysts. The former is apparent from the presence of amide absorption bands in all spectra from
the ATR dataset (Figure 1a—b, Table 1), the latter by the unusual positions of clusters of
Parvodinium umbonatum (dark brown autotroph), and Trinovantedinium applanatum
(transparent heterotroph) within or closer to the larger clusters of autotrophic and
heterotrophic cysts, respectively (Figure 2). Furthermore, mixotrophic cysts do not have
compositions intermediate to photoautotrophic and heterotrophic cysts but show a large
spectrochemical variability; with (reddish-)brown cysts of Gymnodinium nolleri/catenatum
being similar to other colored cysts (group 2), and transparent Lingulodinium
machaerophorum being similar to other transparent cysts (group 1) (Figure 2). The trophic
classification of Bogus et al. (2014) is based on the presence or absence of N absorption bands
and the authors used a transflection micro-FTIR method, which was later shown to be the
sampling method most prone to spectral distortion (i.e., band shifts and intensity modulations)
(Meyvisch et al., 2022). Here we show that by using a more robust sampling method, a larger
dataset including unusual taxa, and more in-depth data processing, N is present in all analyzed
cysts and that pigmentation, rather than nutritional strategy, is a large contributor to the
observed compositional diversity of dinosporin. This also implies that comparative
morphology is the most unambiguous tool for inferring trophic affinities — and by extension
the auto/heterotroph ratios — of fossil dinoflagellates (Penaud et al., 2018; Pospelova et al.,
2006). Given the preference of modern heterotrophs to form colored cysts and the
detectability of pigments in FTIR spectra, this method can still ambiguously assess the trophic

affinity in most extant species (>95% of the species analyzed here), which can be valuable in
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some cases. However, this assumption becomes more ambiguous when inferring the trophic

affinities of fossil species and should be sufficiently contextualized and nuanced.

4.4 Chemical homogeneity of dinocyst walls

Only the uppermost ~1 pm of the compressed sample is probed by the shallowly
penetrating evanescent IR beam when using the ATR micro-FTIR approach (Meyvisch et al.,
2022; Milosevic, 2012). An ATR micro-FTIR spectrum only accurately represents the bulk
composition of the entire specimen if all cyst wall layers are be chemically homogenous,
which is a straightforward and fair assumption. To investigate chemical heterogeneity,
hyperspectral images were recorded from individual cysts by using high spatial resolution
methods like synchrotron transmission micro-FTIR (6 X 6 um? spot size, IR beam fully
penetrates the sample), and O-PTIR (~0.5 X 0.5 um?, IR beam penetrates a few um into the
sample; Freitas et al., 2021) spectroscopy (Reffner, 2018). Our results indicate that the
compositions of the central bodies and ornamentations or (ant)apical horns are highly similar
(i.e., the averaged spectra contain the same absorption bands) (Figure 4). This was the case
for all taxa (modern and fossil) analyzed in this study. This implies that micro-FTIR
(including ATR) and O-PTIR spectra derived from dinocysts analyzed here can be seen as
representations of their bulk chemical compositions. The values of the standard deviations
around the mean are generally higher in the spectra collected from processes (Figure 4b,
spectrum 1) than in those collected from the central body (Figure 4b, spectrum ii), which can
be attributed to stronger, more complex scattering artifacts and lower SNRs for the former.
The low SNR is indicated by the presence of background noise absorptions between 1000—
900 cm™?! which are also present in the background spectrum (Figure 4b, spectrum iii). Some

of the minor relative absorption band intensity differences in the O-PTIR spectra (Figure 4c)
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might result from the fact that the shown spectral region was recorded as three separate bands,
which were later mathematically merged (near 1510 and 1200 cm™1) in the PTIR-studio
software. It is important to note that scattering and interference artifacts are present in both
the synchrotron transmission micro-FTIR and O-PTIR spectra, as they are collected by
contact-free methods probing microparticles with irregular surface topographies and
morphologies. Therefore, these spectra are not fully quantitative (Mayerhofer et al., 2020;
Pavlovetc et al., 2020), which might also explain some minor absorption band intensity

differences between spectra of the taxa presented here.
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Captions

Figures

Figure 1. Panels (a) and (b) show average ATR micro-FTIR spectra (solid lines) of the erected
spectrochemical groups and their characteristic absorption bands (grey rectangles, Table 1).
Dashed lines in panel (a) represent comparable compounds, and the colored region around the
solid line visualizes the standard deviation. The Botryococcus braunii algaenan spectrum is
reproduced from Marshall et al. (2006) with permission from the authors. In panel (b) dashed
lines represent the second derivatives of the average spectrum. Panel (c) shows a PCA plot of

all ATR micro-FTIR spectra of dinocysts from surface sediment samples analyzed for this
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study, colored in their assigned spectrochemical group, and with addition of a few additional

spectra (black stars). Panel (d) shows the PCA loadings of the plot show in panel (c).

Figure 2. Shows the same PCA plot as in Figure 1c, now colored by trophic affinity, while the
assigned, erected spectrochemical groups are represented as different symbols. The outlined

groups (dashed lines) are further discussed in the text.

Figure 3. ATR micro-FTIR spectra showing the results of bleaching experiments on colored
dinocysts. Dashed lines represent the second derivatives of the spectra shown here. The

assignments of characteristic absorption bands (grey rectangles) can be found in Table 1.

Figure 4. Panel (a) shows a Coniacian—Santonian dinocyst specimen (Valensiella foucheri)
analyzed via synchrotron transmission micro-FTIR spectroscopy. Each grey dot represents the
center of a measurement using a square aperture with the dimension indicated on the figure.
Via colored overlays, the specimen is subdivided into a central body, processes and
background. Panel (b) shows the average spectra (solid lines) and standard deviations
(colored regions) retrieved from the specimen presented in panel (a). Panel (¢) shows average
O-PTIR spectra retrieved from the central bodies (solid lines) and processes or antapical
horns (dashed lines) of several dinocyst specimens from modern surface sediments. Scale bar

= 20 pm.

Tables

Table 1. Overview of group frequencies identified from the ATR micro-FTIR spectra of

dinocysts from modern surface sediments, with an indication of characteristic absorption
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bands for each erected spectrochemical group (Figure 1a-b). VS = very strong, S = strong, M
= medium, W = weak, A = absent. Absorption band identifications are based on Bogus et al.

(2014), Coates (2006), Colthup et al. (1990) and Meyvisch et al. (2022).

Supplementary figures

Figure S1. Shows the effects of UV-A bleaching on the morphology of an initially colored

(Archaeperidinium minutum) and initially transparent (Pentapharsodinium dalei) cyst.

Figure S2. Shows the presence of small protrusions (red arrows) of the resistant and
transparent inner wall layer of a UV-A bleached cyst of Archaeperidinium minutum which are

located at the locations where the processes used to be, prior to bleaching.

Figure S3. Shows the areas analyzed with O-PTIR spectroscopy from the cyst specimens

presented in Figure 4¢ (each blue or red square represents a measurement point). The

corresponding spectral data is available in Table S5.

Supplementary plates

Plate S1. Selection of modern dinocysts isolated from surface sediments, analyzed via ATR
micro-FTIR spectroscopy and assigned to spectrochemical group 1 (‘transparent cysts’; 1—
28). 1. Impagidinium variaseptum (Isla San José). 2. Lingulodinium machaerophorum (Izmir
Bay, Aegean Sea). 3. Lingulodinium machaerophorum (Aveiro, Rua da Forta da Barra). 4.
Lingulodinium machaerophorum (Qinhuangdao, Bohai Sea). 5. Operculodinium lapazense

(Isla San José). 6. Polysphaeridium zoharyi (Isla San José). 7. Cyst of Protoceratium
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reticulatum (Avafjarden, Gulf of Bothnia, Baltic Sea). 8. Cyst of Protoceratium reticulatum
(Izmir Bay, Aegean Sea). 9. Cyst of Protoceratium reticulatum (Diana Lagoon, Corsica) . 10.
Cyst of Protoceratium reticulatum (Lancaster Sound, Bylot Island). 11. Spiniferites bentorii
(Isla San José). 12. Spiniferites bentorii (Diana Lagoon, Corsica). 13. Spiniferites bentorii
(Izmir Bay, Aegean Sea). 14. Spiniferites bentorii (Pantan Bay). 15. Spiniferites cf.
membranaceus (Isla San José). 16. Spiniferites cf. ristingensis (Izmir Bay). 17. Spiniferites
hyperacanthus (Qinhuangdao, Bohai Sea). 18. Spiniferites membranaceus? (Wadden Sea). 19.
Spiniferites pseudodelicatus (Qinhuangdao, Bohai Sea). 20. Spiniferites ramosus (Olhao
Port). 21 Spiniferites ramosus? (Qinhuangdao, Bohai Sea). 22. Spiniferites ristingensis (Olhao
Port). 23-24. Spiniferites sp. A (Isla San Jos¢). 25-27. Tectatodinium pelitum (Isla San Jos¢).
28. Tuberculodinium vancampoae (Isla San José). Scale bar = 20 pm. More info on the

samples and analyzed specimens can be found in Tables S1 and S3.

Plate S2. Selection of modern dinocysts isolated from surface sediments, analyzed via ATR
micro-FTIR spectroscopy and assigned to spectrochemical group 2 (‘colored cysts’; 1-28). 1.
Archaeperidinium sp. (Qinhuangdao, Bohai Sea). 2. Brigantedinium majusculum (Wadden
Sea). 3. Brigantedinium simplex (Qinhuangdao, Bohai Sea). 4. Brigantedinium sp. sensu Cho
et al. 2003 (Isla San José¢). 5. Brigantedinium sp. (Isla San Jos¢€). 6. Brigantedinium sp.
(Omura Bay, East China Sea). 7. Brigantedinium sp. (Pantan Bay). 8. Brigantedinium sp.
(Thau Lagoon, Gulf of Lyon). 9. Brigantedinium sp. (Myntevikshavet). 10. Brigantedinium
sp. (Xiamen Bay, Fujian). 11. Cyst of Dubdridinium sp. (Omura Bay, East China Sea). 12.
Cyst of Dubridinium sp. (Aveiro, Rua da Forta da Barra). 13. Cyst of Dubridinium sp.
(Qinhuangdao, Bohai Sea). 14. Echinidinium bispiniformum (Xiamen Bay, Fujian). 15.
Echinidinium sp. (Izmir Bay, Aegean Sea). 16. Gymnodinium nolleri/catenatum (Diana

Lagoon). 17. Gymnodinium nolleri/catenatum (Pantan Bay). 18. Gymnodinium
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nolleri/catenatum (Olhdo Port). 19. Gymnodinium nolleri/catenatum (Wadden Sea). 20.
Gymnodinium nolleri/microreticulatum (Izmir Bay, Aegean Sea). 21-23. Lejeunecysta cf.
communis/pulchra/diversiforma? (Qinhuangdao, Bohai Sea). 24. Lejeunecysta epidoma?
(Qinhuangdao, Bohai Sea). 25. Lejeunecysta oliva (Wadden Sea). 26-27. Parvodinium
umbonatum (Plastic Lake). Scale bar = 20 pm. More info on samples and analyzed

specimens can be found in Tables S1 and S3.

Plate S3. Selection of modern dinocysts isolated from surface sediments, analyzed via ATR
micro-FTIR spectroscopy and assigned to spectrochemical groups 2 (‘colored cysts’; 1-22), 3
(‘aromatic cysts’; 23-24), and 4 (‘aliphatic cysts’; 25-28). 1. Peridinium leonis sensu Wall &
Dale 1968 (Wadden Sea). 2. Peridinium ponticum (Thau Lagoon, Gulf of Lyon). 3.
Polykrikos kofoidii sensu Matsuoka et al. 2009 (Olhao Port). 4. Polykrikos kofoidii sensu
Matsuoka et al. 2009 (Omura Bay, East China Sea). 5-7 Polykrikos kofoidii sensu Matsuoka
et al. 2009 (Wadden Sea). 8-9. Polykrikos quadratus (Lancaster Sound, Bylot Island). 10-11.
Polykrikos schwartzii Matsuoka et al. 2009 (Isla San José). 12. Polykrikos schwartzii
Matsuoka et al. 2009 (Qinhuangdao, Bohai Sea). 13. Qia lebouriae (Qinhuangdao, Bohai
Sea). 14. Quinquecuspis concreta (Aveiro, Rua da Forta da Barra). 15-16. Selenopemphix
nephroides (Portimao Port). 17. Selenopemphix nephroides (Qinhuangdao, Bohai Sea). 18.
Selenopemphix quanta (Isla San Jos¢). 19-21. Trinovantedinium pallidifulvum (Qinhuangdao,
Bohai Sea). 22. Votadinium calvum (Omura Bay, East China Sea). 23. Trinovantedinium
applanatum (Olhdo Port). 24. Trinovantedinium applanatum (Wadden Sea). 25-26.
Fusiperidinium wisconsinense (Plastic Lake). 27-28. Peridinium limbatum (Plastic Lake).
Scale bar = 20 um. More info on samples and analyzed specimens can be found in Tables S1

and S3.
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Supplementary tables

Table S1. Overview and additional information of all surface sediment and rock samples used

in this study.

Table S2. Complete ATR micro-FTIR dataset used and presented in this study (Figures 1-3).
This table is in a format directly loadable into the Quasar software package (see materials and

methods section).

Table S3. Metadata, counts and spectrochemical group assignments of all specimens and

standards analyzed via ATR micro-FTIR spectroscopy in this study.

Table S4. The synchrotron transmission micro-FTIR dataset corresponding to the specimen
presented in Figure 4a—b. This table is in a format directly loadable into the Quasar software

package (see materials and methods section).

Table S5. The O-PTIR dataset corresponding to the specimens presented Figure 4c. This table

is in a format directly loadable into the Quasar software package (see materials and methods

section).

Supplementary videos

Video S1. Bleaching of a cyst of Gymnodinium catenatum under UV-A (385-330 nm)

exposure. Captured at 1000 X using 1 frame - s~1. Playback speed is 8x (8 frames - s71).
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Video S2. Bleaching of a cyst of Pentapharsodinium dalei under UV-A (385-330 nm)

exposure. Captured at 1000 X using 1 frame - s~1. Playback speed is 8x (8 frames - s71).

Video S3. Bleaching of a cyst of Archaeperidinium minutum under UV-A (385-330 nm)

exposure. Captured at 1000 X using 1 frame - s~1. Playback speed is 8x (8 frames - s71).

Video S4. Bleaching of a cyst of Dubridinium sp. under UV-A (385-330 nm) exposure.

Captured at 1000 X using 1 frame - s~1. Playback speed is 8x (8 frames - s™1).
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TABLE 1

for sach emecled spectochemical group (Figam 1a b,

Group fregquency
A 5503200

28B5-2875

2855-2815
28702845

1720-1685

16871626
16201 570

1610 1585
1580 535
1535-1515
1620-14 85
14751445

14451350
13504300

1280280
12451205
11851145
11751000

11701150
1136115

205885
B25-B05

Funetlanal group
Hydnoay group =+ H-bonded O-H
siretch ing

Methygl (—-CH,j = G-H
asymmetrical'symmetrical
siretching

Mathylena (=CH 3 = C—H
asymmeticalsymmetical
sirelching

Carbonyl = Kelone andfor
carboxylic acld C=0 drelching

Amnide | = C=0 sratching

Secondary amine (=MN-H)
‘sumnelanin’ = M—H grelching

C=C-C Ammalc dng streching
Arride |1=% M — Hbending

Amide 1=+ C - Metrelching

Ge= G- G Aromatic ring siretching

Mehylens

= GHy = G - Hbending

CH, wagging

Hydrosy group =+ O — H in-plans
bencing

C—H

Aromalic ring bending

Amide 1l =% N - H banding and
- H gtrelching

Secondary aming (= M- H)
‘eumelanin® =» & — Naimetching

Palysaccharide (G- 0-C, C-0
and & — OR) ring gretching

CG=H

Aromalic ing in- and out-of -plane
bending

(mewveral banck)

Transparent cysts
{aroup 1)

5

A

Colored cysts
{group 2)

5

A

= w3 =

=

Aromatic cysts
(group 3)

]

A

T WP = w

= =

Mlphatic cysts

lgroup 4) RAefere nee

T Coaks (2000)

w Coates (2000)

VE Coabes (2000)

8 Coales (2000)

M Bogus et al, (2014)

A Coales (2000

A Coabas (2000)

W Meyviach & al. (2002)
w Meydsch a al, (2022)
A Coabas (2000)

5 Coaks (2000

8] Calthup &t al. (1990)
w Coabas (2000

A Coales (2000

w Bogus &l al, (2014)

A Coatas (2000)

M Boous &t al, (2014)

A Coatas (2000)

Cwvanview of g roup tequend es L dentlied from he AT Rmicio-FTIR specira of dnocys B Tiom modem sudace sedmeants, wih an indication of chamclansic absopd on bands

o
(Figure 1a,b)
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TABLE 1 (Continuad)

Transparent cyste
Group frequency Funct lonal group fgroup 1)
116511230 Asymmetric ether - 0 - C &
giretching
1005985 Monosubstituted alkene C = C W
bending
a0s-aah C — Hwaggngof f-gycoside bond W
B10-780 Secondary aming (= M- Hj A
‘sum alanin” = M — H wagging
and/or twigting
725710 Methyleng (= CH. )= (GH,) -rocking A
inz a3
675855 C — OHout-of plans bendng W

Colored cysts
(graup 2)

A

W

Aromatic cyste
fgroup 3)

A

W

Moie: Absorption band idertFlcaliors are based on Bogus et al. (2014}, Coates (S000), Colthup et al. {15800, and Meydsch ot al. 2022

b brovations: VE=vary streng, §=strng, M= madium, ‘W= waak, A=absant.

Mliphatic eysts
igroup 4)

RAefersnce
Coales (2000

Meyvisch & al. (2022)

Boxcpis et al, (2014)
Calthup &t al. (1990}

Coates (2000)

Melach & al. (@20

o
(Figure 1ahb)
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