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M Origins of the pervasive luminescence in modern stromatolites
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Stromatolites are emblematic geobiological objects in the search for signatures of life.
Their biogenicity has usually been assessed based on their macroscopic morphology,
texture and/or the presence of microfossils. Surprisingly, ancient stromatolites, as
well as the lithified portion of modern stromatolites, contain limited amounts of
organics, although they are originally formed by biofilms. This raises intriguing ques-
tions about the fate of organics during lithification of microbial communities. Here,
we analysed modern stromatolites from a coastal pond in Western Sardinia with con-
focal laser scanning microscopy (CLSM). We evidenced pervasive fluorescence in
stromatolites and distinct spectral signals tentatively attributed to preserved chloro-
phyll/phycocyanin pigments, providing a direct link to the photosynthetic activities of

microbial communities. Additionally, some signals were indicative of various stages of chlorophyll/phycocyanin degradation,
producing a non-specific green autofluorescence (GAF), with a degradation advance varying with laminations. This calls for
a wider application of CLSM to track this pervasive carbon reservoir in ageing stromatolites and possibly find an additional indi-

cation of their biological origin.
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¥ Introduction

Stromatolites are layered organo-sedimentary structures formed
by microbial communities (Burne and Moore, 1987). They
contain diverse organic molecules as remnants of the micro-
organisms that formed them, including lipids, proteins, carbohy-
drates, especially those composing extracellular polymeric
substances (EPS), a variety of pigments and nucleic acids
(Uveges et al., 2018). These biomolecules play crucial roles, influ-
encing mineral precipitation, sediment binding and the overall
structure of the microbial mats (Dupraz et al., 2009). Thus, the
preservation of these organic molecules is crucial to understand,
since they may provide valuable information about paleoenvir-
onments and the evolution of microbial communities. For this
purpose, EPS (e.g., Benzerara et al., 2006) and lipid biomarkers
(e.g., Johnson et al., 2018) have been prime targets searched
for in the lithified portion of microbialites.

Luminescence spectroscopy offers a powerful, non-
destructive method to probe biological molecules in mineral-
microbe assemblages (Lepot et al, 2008). Luminescence is a
general term encompassing the emission of light by a substance
as aresult of some form of energy input. Fluorescence is a specific
type of luminescence occurring when a substance absorbs light
at one wavelength and re-emits at a longer wavelength. Here,
the terms 'fluorescence’” and 'luminescence” will be used inter-
changeably. Many biological molecules autofluoresce, making
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luminescence an ideal tool for studying organic components
in stromatolites without the need for staining. While several
studies have used confocal laser scanning microscopy (CLSM)
to study luminescence in modern microbial mats and biofilms
(e.g, Kawaguchi and Decho, 2002; Zippel and Neu, 2011;
Rouillard et al., 2020), its application to the more lithified por-
tions of stromatolites remains limited. Furthermore, although
CLSM provides high resolution hyperspectral data (Sinclair et al.,
2006), it is primarily used for qualitative imaging, with limited
analysis of the spectral information it offers (Gérard et al,
2013, 2018; Stigliano et al., 2023). Here, we investigated the auto-
fluorescence of modern lagoon stromatolites from Mari Ermi, a
coastal pond in Western Sardinia, using CLSM. This site expe-
riences seasonal droughts and salinity variations, reflected in the
stromatolites” complex mineralogical composition at the submi-
crometre scale (Debrie et al., 2022). Our study aimed to 1) char-
acterise the spectral variability of the fluorescence signal,
potentially indicating different types of organic molecules and
2) map the distribution of these spectral variations across entire
depth sections of stromatolites at a submicrometre resolution. By
thoroughly analysing the hyperspectral CLSM data, we highlight
the pervasive nature of fluorescence in these stromatolites and
discuss the origins and implications of this signal. This approach
allows us to gain new insights into the distribution and preser-
vation of organic molecules within stromatolites, furthering our
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understanding of these important geological structures and the
microbial communities that create them.

! Results

Pervasive luminescence and variations of luminescence intensity
across laminations in Mari Ermi stromatolites. Luminescence is
ubiquitous in Mari Ermi stromatolites, as evidenced by correlated
transmitted light microscopy and epifluorescence mosaics
(Figs. 1, 2). This pervasive luminescence sharply contrasts with
the absence of detectable signal in both the underlying carbonate
pebble substrate and the resin-filled porous regions within the
stromatolites (Fig. 1). As further explained in the discussion,
most of this luminescence is likely due to the preservation of
organics in the lithified portion of the stromatolites. Spectral
analysis of the luminescence reveals significant spatial hetero-
geneity at the submillimetre scale (Fig. 1), with certain variations
correlating with the stromatolite’s laminar structure (Fig. 2a, b).
Notably, laminae appearing bright under transmitted light
microscopy predominantly exhibit green luminescence, whereas
darker laminae display lower overall intensities (Fig. 1) and occa-
sionally manifest a redder luminescence signature (Fig. 2b). At
higher magnification, the spatial distribution of luminescence
intensity becomes more nuanced. Regions of elevated intensity
are observed, with some fluorescence signals associated with
microbial filaments proximal to the stromatolite surfaces
(Fig. 2¢, d). These changes are likely related to the molecule con-
tent, but possibly also to variations in the characteristics of the
fluorescing molecules.

Luminescence spectral variations in Mari Ermi stromato-
lites. A first analysis of CLSM hyperspectral images demon-
strates that most of the emitted luminescence corresponds to
green light (~530-560 range; Fig. 1b). However, some spatial

Figure 1 (a) Bright-field optical image showing the carbonate
substrate (to the left), over which the stromatolite grows.
(b) Composite epifluorescence mosaic of the same area as in
(a). The white arrow indicates the stromatolitic growth direction.
Holes are filled with resin. The mosaic is an overlay of one image
(green fluorescence) obtained with the GFP filter (excitation,
450/50 nm; emission, 510/50 nm) and one image (magenta fluores-
cence) obtained with the CY5 filter (excitation, 640/30 nm; emis-
sion, 690/50 nm).

variations of the luminescence spectral properties (“colours”)
are observed. First, a red luminescence (~670 nm in wavelength)
is detected at the surface of the stromatolites. A red with some
green luminescence is also observed deeper in some dark lam-
inations (Figs. 1, 2b). The spectral variability was further analysed
based on hyperspectral data acquired over a 4 X 4 mm? area close
to the stromatolite surface, encompassing an alternation of
bright and dark laminae (Fig. 3). Three wavelength intervals
were defined after inspection of the dataset spectral variability
and analysis of end member spectra generated by non-negative
multivariate statistical analyses (Figs. S-1, S-2): a green interval,
C1 (430 to 537 nm), a yellow one, C2 (556 to 624 nm) and a red
one, C3 (644 to 722 nm). The choice of three instead of two com-
ponents was also supported by multivariate statistical analyses
(Fig. S-2). The relative contributions of these intervals were cal-
culated for the spectrum of each pixel of the image. All pixels
were finally plotted in a ternary scatterplot (Fig. S-1a). Most of
the pixels spread between C1 and C2, indicating that most lumi-
nescence spectra mainly show a green emission contribution
mixed with a, more or less, intense yellow luminescence. The
remaining pixels are located closer to the red (C3) component.
Overall, all pixels spread between three different spectral com-
ponents, which explains all the observed spectral variability

Figure 2 Distribution of the luminescence in a Mari Ermi stro-
matolite. The white arrows indicate the stromatolitic growth direc-
tion. (a) Bright field optical image showing some dark (e.g., yellow
arrow) and bright, porous laminae. (b) Composite epifluorescence
mosaic of the same area as shown in (a). Several dark laminae show
a higher emission in the red compared with bright laminae.
(c) Scanning electron microscopy image in the backscattered elec-
tron mode of an area located close to the stromatolite’s surface.
Numerous filaments appear in black within a calcitic matrix
(Debrie et al., 2022) that appears in white. (d) CLSM image
obtained in the same area as in (c), showing high fluorescence in
the filaments. A collection of fluorescence images at different
emission wavelengths (between 400 and 730 nm, every 10 nm)
was obtained with simultaneous excitations at 405, 488 and 633
nm. This collection was transformed to one single image by sum
intensity projection, where the emission values at all wavelengths
are summed for each pixel. More details are provided in the
Supplementary Information.

Q)EAc

Geochem. Persp. Let. (2025) 35, 18-23 | https://doi.org/10.7185/geochemlet.2518 19


https://www.geochemicalperspectivesletters.org/article2518/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2518/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2518/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2518/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2518

Geochemical Perspectives Letters

%% \
% '\.
3 b
\\ydwo
70'°0

o’..‘o\.

.K“.. %

%0000

s

L

>

3

| =

2

=

©

<]

@

©

£

2z ﬁoo“"’“" Goet
400 450 500 550

600 650 700 750

Wavelength (nm)

Figure 3 Spectral variations and distribution of the fluorescence. (a) Sum intensity projection of a CLSM stack acquired close to the surface
of the stromatolite. (b) Map of the three main spectral components identified by segmentation of the hyperspectral image (Fig. S-1). The
green, yellow and magenta areas relate to different spectral components. Black pixels correspond to micro-porosities filled with resin. (c)
Average fluorescence emission spectra extracted from the pixels appearing in green, yellow and magenta in (b). The green, yellow and

magenta spectra show maxima at 530, 560 and 670 nm, respectively.

(Figs. 3b, c and S-1b). The measured spectra of the pixels the
most representative of these three spectral components (purest
pixels) are shown in Figure 3¢ (similar to end member spectra
obtained by multivariate analyses, Fig. S-2). None of these spec-
tra can be explained by a linear combination of the other two.
Moreover, pixels representative of these three spectral compo-
nents were back projected to the hyperspectral map to assess
their spatial distribution (Fig. 3b). The green spectral component
(C1) (Fig. S-1c) shows a broad peak with a maximum intensity at
530 nm. The spatial distribution of this component is the most
widespread in the stromatolite, corresponding to the pervasive
signal initially observed. The yellow spectral component (C2)
(Fig. S-1d) looks spectrally similar but with a broad peak centred
at a higher wavelength (~560 nm) and an additional small emis-
sion peak at~670 nm (red fluorescence). This component
appears in some dark laminae of the stromatolite. In some
deeper laminae (Figs. 1, 2), the red fluorescence peak can be rel-
atively higher. Last, the red component (C3) (Fig. S-1e) shows a
maximum intensity at 670 nm with little to no green. This com-
ponent was spatially restricted to spheres or filaments measuring
~10 to 30 um in diameter, located near the surface of stromato-
lites, with a high fluorescence intensity. Three similar “virtual”
spectral end members were obtained by a non-negative matrix
factorisation (NNMF) statistical analysis but with a noisier
appearance (Fig. S-2).
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I Discussion

The luminescence is not only observed as a strong signal in living
biofilms at the surface of Mari Ermi stromatolites (Fig. 1), but it is
also pervasive in their deeper lithified portion. This fluorescence
shows some spectral variability, and three different spectral com-
ponents are identified (Fig. 4a), with a tentative interpreta-
tion below.

Origin of red fluorescence in the Sardinian stromatolites.
The spectrum of the red component (C3) exhibits a maximum
value at 670 nm and is co-localised with filaments measuring
approximately 10-15 pm in diameter and 100 to 150 pm in
length. These filaments have been interpreted as cyanobacteria
entombed by calcite precipitation (Saint Martin and Saint
Martin, 2015; Debrie et al., 2022). While it is possible that a
yet unidentified inorganic fluorochrome may contribute to this
fluorescence, we note that phycocyanin and chlorophyll emit
at a similar wavelength, approximately 650 and 685 nm, and that
the emission spectrum of a cyanobacterium (Dartnell ef al., 2011)
looks very similar to the C3 component in Mari Ermi stromato-
lites. Moreover, similar spectra were measured in the biofilms
covering Mari Ermi microbialites (Fig. 4b), further supporting
the assignment of this spectral component to chlorophyll and/
or phycocyanin.
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Figure 4 Spectral variations of luminescence in Sardinian stroma-
tolites compared with some reference spectra. (a) Emission spectra
of the three components identified in Mari Ermi stromatolites.
(b) Fluorescence emission spectrum (405 — 488 — 633 nm laser exci-
tation) of a chlorophyll/phycocyanin containing cell in the microbial
mat covering Mari Ermi stromatolites. Fluorescence spectra of Mn in
calcite and carotenoids are provided in the Supplementary
Information. (c) Fluorescence emission spectra of variably degraded
photosynthetic organisms. Spectra were derived from the study by
Tang and Dobbs (2007). The black arrows show changes in the rel-
ative intensity of green autofluorescence (GAF) and chlorophyll-
induced red autofluorescence (RAF) with increasing degradation.

This type of spectrum was detected in the filaments of the
upper part of the stromatolite section only. Chlorophyll degra-
dation occurs through various processes, such as intense irradi-
ation (Dartnell et al, 2011), a likely minor factor under the
conditions present at Mari Ermi. Other degradation mechanisms
include grazing and partial hydrolysis by various enzymes,
including chlorophyllases produced by diatoms (Villanueva et al.,
1994). By contrast, chlorophyll was unlikely degraded during
data collection, since the 2 % laser power employed is a standard
setting for capturing pristine spectra of chlorophyll and phyco-
cyanin (e.g., Gerard et al, 2018). Chlorophyll degradation in
Mari Ermi stromatolites produces a variety of byproducts, with
varying fluorescence spectra or no fluorescence at all for the most
advanced ones (Hortensteiner, 2006). Overall, the occurrence of
this red spectral component down to a limited depth suggests
that there is a maximum depth, above which chlorophyll/phyco-
cyanin with intact spectral characteristics is preserved. Sun et al.
(1991) showed that chlorophyll degrades very rapidly in sedi-
ments under oxic conditions, with a half-life of a few tens of days,
whereas parameters such as anoxia may extend preservation for
more than a few decades (Pirtle-Levy et al., 2009). Lepot et al.
(2014) detected chlorophyll fluorescence in 160-year-old
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sediments but suggested that they may have underestimated
preservation because of some pigment loss upon sample prepa-
ration. The detection of chlorophyll residues with mass spec-
trometry probes signatures of porphyrin and not intact
chlorophyll, which can therefore be at a much more advanced
degradation stage than mentioned above. Such signatures have
been detected in rocks as old as 1.1 billion years (Gueneli
et al., 2018).

Origin of green fluorescence in Mari Ermi stromatolites.
Interpreting the origin of the two other spectral components, pri-
marily emitting in the green, is less straightforward. One
hypothesis is that they are inorganic in origin, possibly linked
with the presence of luminescence activators within calcite,
the predominant mineral phase composing Mari Ermi stromato-
lites (Debrie et al., 2022). The most well known activator in this
context is Mn2™, present at trace levels in Mari Ermi stromatolites
(see Table S-1). However, Mn?* substitution in calcite typically
yields a luminescence spectrum centred at approximately 600—
610 nm (Fig. S-2), which significantly diverges from the spectrum
observed here (see Figs. 3c and 4a). Alternatively, the two com-
ponents might have an organic origin. A first hypothesis could be
that the observed signal is associated with non-pigmented
material of currently unknown origin. However, in the remain-
der of this discussion, we will focus on a pigment-based origin,
since, based on the observation of the biofilms at the surface of
these modern stromatolites, pigments appear as an obvious
source of fluorescence, likely to be preserved upon lithification.
The broad emission bands with maxima at 530 and 560 nm
observed for the two Mari Ermi components bear a striking
resemblance with the emission spectra of carotenoid pigments
(Fig. S-3) (Vermaas et al., 2008). If these components are indeed
carotenoids, their spatial distribution suggests that they signifi-
cantly outweigh undegraded chlorophyll/phycocyanin within
Mari Ermi stromatolites. This observation could be explained
in two possible ways: either carotenoids are more abundant than
chlorophyll/phycocyanin in the microbial mats, which is not
observed (Fig. 4b), or there is preferential degradation of phyco-
cyanin/chlorophyll compared to carotenoids. Consistently, caro-
tenoids are known to be resistant to certain processes of
degradation due to their antioxidant properties (Nelson and
Cox, 2005). Future analyses of biomarkers would help to further
test these ideas.

Alternatively, a seemingly more parsimonious interpreta-
tion for the two green luminescent components is that they cor-
respond to two different degradation stages of chlorophyll and/
or phycocyanin. Several studies have shown that chlorophyll-
type pigments are frequently preserved with some structural
modifications (Tahoun et al., 2021). Moreover, the breakdown
of photosynthetic pigments has been shown to result in the
appearance of what has been called a non-specific green auto-
fluorescence (GAF). This process intensifies after cellular death
(Schulze et al., 2011) and has been detected for a diversity of
microorganisms such as algae, dinoflagellates, diatoms (Tang
and Dobbs, 2007) and cyanobacteria (Roldan et al., 2014).
GAF emission spectra measured at different degradation stages
show a major peak at a wavelength varying between 530 up and
550 nm together with a peak at 670 nm which becomes smaller in
intensity at more advanced degradation (Tang and Dobbs, 2007).
The spectra of the two green-emitting components found in
Mari Ermi stromatolites are very similar to the two different deg-
radation stages. In this scenario, the spectral component show-
ing a maximum emission at 560 nm, accompanied by a small
peak at 670 nm, represent an intermediate stage in the chloro-
phyll/phycocyanin degradation pathway. Conversely, the com-
ponent that exhibits a primary peak at 530 nm, with no
discernible emission at 670 nm, corresponds to a later stage of
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degradation. In this context, the relatively higher red signal
observed in some of the deeper laminae, as shown in
Figures 1 and 2, would be best explained as an additional stage
where pigments are best preserved, suggesting a quicker lithifi-
cation of the laminae containing them. Additionally, spectra with
a small peak at 670 nm also show a red-shifted emission maxi-
mum (560 nm) compared to spectra with no 670 nm peak (emis-
sion maximum at 530 nm). Based on existing spectral references,
it remains unclear whether this spectral shift is also correlated
with the degradation advance of chlorophyll/phycocyanin or
some variability of the initial pigment assemblage.

Variations of the green fluorescence intensity and spectral
characteristics between laminae. The green fluorescence intensity
differed between laminae; bright laminae had a higher fluores-
cence intensity than dark laminae (Fig. 1). Debrie et al. (2022)
proposed that bright laminae formed in the presence of denser
microbial biofilms compared with dark laminae. This would be
consistent with the interpretation of this fluorescence as GAF,
resulting from chlorophyll/phycocyanin degradation, with the
higher fluorescence intensity in bright laminae resulting from
an initially higher microbial cell density.

In addition to the intensity, the fluorescence spectral
properties vary between laminae (Figs. 2b, 3b). While an emis-
sion peak at 670 nm was observed in dark laminae, sometimes
quite deep under the stromatolite surface (Fig. 1), it was neg-
ligible in bright laminae. According to the aforementioned
hypothesis, this could be explained by a stronger degradation
of chlorophyll/phycocyanin in bright laminae than in dark lam-
inae. Similarly, the porosity has been shown to be higher in
bright laminae than in dark laminae (Debrie et al. 2022).
Overall, it could be speculated that higher porosity may allow
longer contact time between porewater and pigments, resulting
in more advanced degradation. Alternatively, if porosity is
secondary, this may be indicative of locally more important
transformations which may have also impacted pigment
degradation.

! Conclusions

Three distinct photoluminescence signals are observed in
modern stromatolites from Mari Ermi, Sardinia. While other,
yet to be identified, origins may exist, these signals are best inter-
preted as the results of relatively intact to variably degraded pig-
ments produced by the microorganisms that thrived during the
formation of the stromatolites. Notably, well preserved chloro-
phyll/phycocyanin pigments are mainly associated with mor-
phologically preserved microfossils, predominantly near the
stromatolite’s surface, and occasionally in some deeper laminae.
Variably degraded chlorophyll/phycocyanin molecules were per-
vasive within the carbonate matrix, generating a non-specific
green autofluorescence (GAF). GAF varied in intensity and spec-
trally across distinct laminae, possibly due to varying degrada-
tion advances. The varying degrees of pigment degradation
across laminae may provide clues about the diagenetic history
of stromatolites and the environmental conditions they experi-
enced over time. Future research should focus on determining
the maximum duration of fluorescent pigment preservation,
the effects of environmental factors on organic signature persist-
ence, and the comparison of luminescence characteristics
between modern and ancient stromatolites. These investigations
willimprove our understanding of organic matter preservation in
stromatolites, a knowledge useful for better interpreting the fos-
sil record of past life on Earth.
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