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Abstract: Biofilms are a ubiquitous form of life for microorganisms. Photosynthetic biofilms such
as microphytobenthos (MPB) and biological soil crusts (BSC) play a relevant ecological role in
aquatic and terrestrial ecosystems, respectively. On the other hand, photosynthetic epilithic biofilms
(PEB) are major players in the microbial-induced decay of stone structures of cultural heritage. The
use of fluorescence techniques, namely, pulse-amplitude-modulated fluorometry, was crucial to
understanding the photophysiology of these microbial communities, since they made it possible to
measure biofilms’ photosynthetic activity without disturbing their delicate spatial organization within
sediments or soils. The use of laser-induced fluorescence (LIF) added further technical advantages,
enabling measurements to be made at a considerable distance from the samples, and under daylight.
In this Perspective, we present state-of-the-art LIF techniques, show examples of the application of
LIF to MPB and present exploratory results of LIF application to BSC, as well as to PEB colonizing
stone structures of cultural heritage. Thereafter, we discuss the perspectives of LIF utilization in
environmental research and monitoring, in cultural heritage conservation and assessment, and in
biotechnological applications of photosynthetic biofilms.
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1. Introduction
The decay of excited chlorophyll molecules may occur through thermal dissipation, photochemical
energy conversion or fluorescence emission [1]. The competition between photochemical energy
conversion and fluorescence emission allows the use of the latter as a non-invasive proxy for
photosynthesis [2] in higher plants [3], microalgae [4] and photosynthetic bacteria [5]. Microorganisms,
either prokaryotic or eukaryotic, are often embedded in an extracellular polymeric matrix, adhering
to different surfaces, forming biofilms, which most commonly are heterotrophic but may also be
autotrophic [6]. In microphytobenthos (MPB), a eukaryotic diatom-dominated photosynthetic biofilm
with a very relevant ecological role in estuarine ecosystems, the use of chlorophyll fluorescence
techniques has been instrumental to unravel the photosynthetic performance [7], since they made it
possible to assess biofilms’ photosynthetic activity without disturbing their critical spatial organization
within sediments. More recently, the use of fluorescence imaging techniques added the possibility of
understanding the spatial heterogeneity of the photosynthetic activity in biofilms [8]. The application of
fluorescence techniques to another type of photosynthetic biofilm, the prokaryotic terrestrial biological
soil crusts (BSC), is just starting [9]. The use of fluorescence techniques in the study of terrestrial
photosynthetic epilithic biofilms (PEB) is also novel. Chlorophyll fluorescence can be induced either
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by a lamp or a laser. The use of laser-induced fluorescence (LIF) brought further advances in the study
fluorescence (LIF) brought further advances in the study of photosynthetic biofilms, as it allows
of photosynthetic biofilms, as it allows measurements under daylight and at a considerable distance
measurements under daylight and at a considerable distance from the samples. In this Perspective, we
from the samples. In this Perspective, we present the state-of-the-art in LIF techniques and show
present the state-of-the-art in LIF techniques and show examples of their application to MPB. In
examples of their application to MPB. In addition, we present exploratory results of LIF application to
addition, we present exploratory results of LIF application to BSC and PEB. To conclude, we discuss
BSC and PEB. To conclude, we discuss the perspectives of LIF utilization in environmental research
the perspectives of LIF utilization in environmental research and monitoring, in cultural heritage
and monitoring, in cultural heritage conservation and assessment, as well as in biotechnological
conservation and assessment, as well as in biotechnological applications of photosynthetic biofilms.
applications of photosynthetic biofilms.

2. Laser-Induced Fluorescence (LIF)
2. Laser-Induced Fluorescence (LIF)
A typical setup used for LIF measurements is shown in Figure 1. Fluorescence is excited by a
A typical setup used for LIF measurements is shown in Figure 1. Fluorescence is excited by a
pulsed laser with a pulse duration of several nanoseconds. The most commonly used source is an
pulsed laser with a pulse duration of several nanoseconds. The most commonly used source is an
Nd:YAG Q-switched solid-state laser emitting at the wavelength of 355 or 532 nm (correspondingly,
Nd:YAG Q-switched solid-state laser emitting at the wavelength of 355 or 532 nm (correspondingly,
in the frequency-tripled or -doubled mode): it combines robustness and low fabrication and
in the frequency-tripled or -doubled mode): it combines robustness and low fabrication and
maintenance costs with high electrical-to-optical power efficiency and significant quantum yield. The
maintenance costs with high electrical-to-optical power efficiency and significant quantum yield.
freshly emitted laser pulse irradiates the sample and excites the fluorescence emission. A part of this
The freshly emitted laser pulse irradiates the sample and excites the fluorescence emission. A part
emission is collected by light-gathering optics, which can easily be developed based on off-the-shelf
of this emission is collected by light-gathering optics, which can easily be developed based on
low-cost collimators (e.g., several F810SMA collimation packages, optimized for specific but rather
off-the-shelf low-cost collimators (e.g., several F810SMA collimation packages, optimized for specific
wide wavelength regions [10]). To prevent backscattered laser radiation from entering the collimator
but rather wide wavelength regions [10]). To prevent backscattered laser radiation from entering the
and saturating or damaging the spectrometer, a longpass filter, with a cut-off wavelength slightly
collimator and saturating or damaging the spectrometer, a longpass filter, with a cut-off wavelength
larger than the operating wavelength of the laser, is introduced into the optical path, in front of the
slightly larger than the operating wavelength of the laser, is introduced into the optical path, in
front light-gathering lens. The collected and collimated radiation is transferred to a computerfront of the front light-gathering lens. The collected and collimated radiation is transferred to a
controlled spectrometer.
computer-controlled spectrometer.

Sample
Laser radiation pulse

Pulsed laser
Optical filter separating the
fluorescence from the laser light

Synchronization
pulse

Spectrometer

Optical fibre

Reflected radiation
(laser light and fluorescence)

Light gathering optics

Data acquisition
and control

Figure1.1.Setup
Setupfor
forlaser-induced
laser-inducedfluorescence
fluorescence(LIF)
(LIF)measurements.
measurements.
Figure

Until
Until the
the 2000s,
2000s, the
the development
development of
of LIF
LIF analyzers
analyzers was
was hindered
hindered by
by manufacturing
manufacturing and
and
maintenance
maintenancecosts
costsof
oflaser
lasersources
sourcesand
andspectrometers.
spectrometers.Sensible
Sensiblespectrometers
spectrometerswere
weregenerally
generallybased
based
on
onaahigh-groove-density,
high-groove-density,echelle
echellediffraction
diffractiongrating
gratingor
orsimilar
similaroptical
opticaldevice,
device,assembled
assembledwith
withan
an
intensified
or
low-noise
(often
thermoelectrically
cooled)
camera.
Such
assemblages
were
usually
intensified or low-noise (often thermoelectrically cooled) camera. Such assemblages were usually
bulky,
bulky,about
abouthalf
halfaameter
meterlong,
long,requiring
requiringatatthe
thesame
sametime
timean
anextremely
extremelyprecise
precisepositioning
positioningof
ofthe
the
camera
with
respect
to
the
diffraction
grating.
Therefore,
the
pieces
had
to
be
mounted
on
a
thick
and
camera with respect to the diffraction grating. Therefore, the pieces had to be mounted on a thick and
rigid
rigidmetal
metalplate,
plate,which
whichdramatically
dramaticallyincreased
increasedthe
theanalyzer
analyzerweight.
weight.AAtypical
typicalrepresentative
representativeof
ofthe
the
®®5000 Compact high-resolution echelle spectrograph by
family
of
such
instruments
is
the
Spectrelle
family of such instruments is the Spectrelle 5000 Compact high-resolution echelle spectrograph by
GWU-Lasertechnik,
GWU-Lasertechnik,Erftstadt,
Erftstadt,Germany
Germany[11].
[11].
The
The early
early 2010s
2010s witnessed
witnessed aa significant
significant advancement
advancement of
of the
the LIF
LIF technology
technology due
due to
to several
several
breakthroughs
in
the
development
of
spectral
instrumentation,
which
resulted
in
the
appearance
breakthroughs in the development of spectral instrumentation, which resulted in the appearance of
of
varietyofofrobust,
robust, low-cost
low-cost palm-size
palm-size spectrometers
spectrometers possessing
possessing high
a avariety
high spectral
spectral resolution
resolution and
and
sensitivity
sensitivity [12–14].
[12–14]. Remarkably,
Remarkably, the
the spectrometers
spectrometers are
are manufactured
manufactured for
for aa wide
wide range
rangeof
ofdiverse
diverse

applications, each of which imposes specific requirements to the characteristics of the instrument. For
this reason, the choice of the spectrometer for the concrete application becomes a non-trivial task,
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applications, each of which imposes specific requirements to the characteristics of the instrument. For
this reason, the choice of the spectrometer for the concrete application becomes a non-trivial task,
involving making several crucial choices with respect to numerous components that the principal
manufacturers offer to the user [15,16]. For this reason, below we briefly summarize the main aspects
of the LIF spectrometer selection, bearing in mind the following specificities:

•
•
•

the early detection and evaluation of biofilms may require a high overall sensitivity of the sensor;
the characteristic peaks due to the biofilm fluorescence are relatively wide, with the FWHM (full
width at half maximum) of the order of tens of nanometers;
the instrument for the field measurements must be robust and of low power consumption.

A basic spectrometer design comprises an input pupil, a diffraction grating and a photodetector.
Depending on the application requirements, several additional components like mirrors, filters, lenses
and a microprocessor controlling the acquisition and digitalization of data can be added to the basic
scheme. As the LIF efficiency is several orders of magnitude lower than the elastic light scattering,
fluorescence spectrometers necessitate very accurate synchronization of the measurement interval with
the moment of emission of the excitation laser pulse, which has a duration of few nanoseconds. For
this reason, most of the LIF measurement setups use direct synchronization of the spectrometer
with the pulsed-laser Q-switch, bypassing the control computer software. When the computer
application requests the spectrometer’s microprocessor to start the measurements, it waits for the laser
synchronization pulses and initiates the acquisition of fluorescence emission, collecting and sending to
the application the requested number of digitally recorded spectra to be processed.
The spectrometer may possess an input slit establishing a trade-off between the sensitivity and
the spectral resolution capacity: the wider the slit, the more light enters the spectrometer and the
less the spectral selectivity. Provided the LIF spectra in question are sufficiently smooth, it is a good
practice to have a spectrometer more biased towards sensitivity, using a wide slit or no slit at all (in the
latter case the beam dimension is constrained by the core of the transporting optical fiber) [16].
After entering the spectrometer, the light beam is dispersed in accordance with its spectral
composition, forming a specific radiation pattern on the active area of the photodetector. The demand
for compactness gave a new impetus to the long-known Czerny-Turner design of the spectrometer
optical system [17,18], which is based on two curved mirrors. The first mirror collimates the radiation
beam and directs it to the grating, while the other focuses the dispersed radiation on the photodetector
array. The cheapest fluorescence spectrometer configurations use standard aluminum-coated mirrors,
while more expensive options of special coatings offer enhanced reflectivity (~95%) within a wide range
of angles of incidence. Some of these coatings, such as SAG+ offered by Ocean Optics [19,20], absorb a
significant part of the ultraviolet light, additionally reducing the parasitic effect of excitation scattering.
The diffraction grating should have good reflecting efficiency in the spectral range of interest, ca. 550
to 800 nm, so that sufficient resolution at an affordable price is achieved for the groove density of
500–1200 mm−1 . Focusing the dispersed radiation on the CCD array may be enhanced by an additional
cylindrical collection lens, placed in front of the detector window to focus the light from a tall slit
onto shorter detector pixels. A typical CCD array, like TCD1304AP by Toshiba, Tokyo, Japan [21]
or ILX511B by Sony, Tokyo, Japan [22] contains circa 2000–4000 pixels—elementary photodetectors
sensitive to light in the VIS/NIR spectral range of 400–1000 nm.
3. Application of LIF in Plant Sciences
The first reported attempt to use LIF spectroscopy to assess the photosynthetic physiology
of plants was by Brach and co-workers [23] in lettuce (Lactuca sativa). First reports showed that
laser-induced fluorescence spectra from leaves presented two emission peaks, a relative maximum in
the red band (685 nm, F685) and an absolute maximum in the far-red band (circa 740 nm, F740). The
relative intensity, shape and wavelength of those peaks were dependent on the physiological status
of the plant’s photosynthetic apparatus (reviewed by Buschmann [24]) and may reflect changes
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in leaf chlorophyll a (Chl a) concentration, which are frequent in plant stress situations [25–31].
Recently, using LIF technology, Lavrov et al. [32] showed that, in several forest species subjected
to severe drought stress, the red/far-red fluorescence ratio (Fr/Ffr) was highly correlated with the
maximum potential photochemical efficiency of photosystem II (PSII), estimated by the ratio between
variable fluorescence and maximal fluorescence (Fv/Fm), measured with continuous fluorimetry. The
simultaneous measurement of chlorophyll fluorescence by LIF and by pulse-amplitude-modulated
(PAM) fluorescence was performed in maize (Zea mays), sugar beet (Beta vulgaris) and kalanchoë
(Kalanchoë sp.), showing that LIF fluorescence was useful to detect plant water stress [33]. Only two
reports on the application of LIF to the model plant Arabidopsis thaliana are available: one from Kolber
and co-workers [34], who studied a npq mutant showing changes in the PS II PsbS protein, and a more
recent one from Gameiro et al. [35], comparing the effects of rapidly and slowly induced water stress.
4. Photosynthetic Biofilms
Biofilms are microbial communities where cells occupy a thin layer over the surface of a substrate,
or inhabit the interface between two substrates, and are immersed in an extracellular polymeric
substances (EPS) matrix produced by them. Among the many types of biofilms, photoautotrophic
ones (i.e., biofilms that include microorganisms able to synthesize organic compounds using light
energy) play particularly relevant ecological roles. MPB is a eukaryotic diatom-dominated biofilm that
is of significant importance for estuarine ecology [36]. In particular, the EPS excreted by MPB diatoms
promote the aggregation of sediment particles, stabilizing intertidal estuarine mudflats [37]. A similar
ecological role is played by the EPS produced by cyanobacteria of BSC in terrestrial ecosystems [38,39].
In rocky shores, PEB play a major role in primary production and are the energy base of the benthic
food web [40].
Estuarine intertidal MPB inhabiting soft sediments are composed mainly by motile diatoms, which
exhibit diel vertical migrations, connected to tidal cycles, within the sediment photic zone [41,42].
In spite of the key role played by these communities in estuarine productivity, their carbon economy is
still under dispute [43], although a tight link with the heterotrophic bacterial community inhabiting
intertidal mudflats has been established [44]. The hidden beauty of the diatoms-dominated benthic
communities is unraveled under the microscope lens and has been praised by biologists [45], who
named them “secret gardens” [36]. Although only accounting for a minor part, in comparison with
others, the aesthetic value of MPB could also be counted as an ecosystem service, integrating the
cultural services rendered by estuarine areas, as envisaged by Constanza and co-workers [46].
A similar ecological role is played in the terrestrial ecosystems by the EPS produced by
BSC cyanobacteria [38]. Biological soil crusts, also known as biocrusts, microbiotic, cryptobiotic,
cryptogamic or microphytic crusts, are complex communities of cyanobacteria, green algae, bryophytes,
microfungi, lichens and other bacteria. Cyanobacterial filaments, fungal hyphae, and, sometimes,
the rhizoids of mosses and lichens, present in the top few millimeters of soil, keep together the soil
particles and form a matrix that stabilizes and protects the soil surface from wind and rain erosion.
They also act as a living soil cover, maintaining soil moisture [39] and preventing the growth of
annual weeds. Although demonstrating a diverse composition, this type of crusts occurs in all arid
and semi-arid regions of the world, where they occupy nutrient-deficient areas, between patches of
vegetation. In some plant communities they can form as much as 70% of soil cover, fixing atmospheric
nitrogen and significantly contributing to soil organic matter. However, only recently the importance
of BSC to terrestrial ecosystems has been recognized. Their role in biodiversity is also relevant, as
in some arid ecosystems there are more species associated with the BSC than vascular plant species
(Belnap et al. [47] and references therein). Bare soil is initially colonized by cyanobacteria. Later, if the
environmental conditions are suitable, the ecological succession may progress to more structurally
complex biological soil crusts, forming a rough and irregular carpet dominated by low (1 to 10 cm)
mosses. Here we will refer mainly to cyanobacteria-dominated BSC, typical of early stages of the
succession of soil colonization. Although not often referred to as biofilms, they meet the criteria to be
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classified as such: they strive in a thin layer in the interface between soil and the atmosphere, and the
bacterial cells are embedded in a self-produced EPS matrix.
Photosynthetic epilithic biofilms (PEB) are formed by an association of prokaryotic and eukaryotic
microorganisms, both autotroph and heterotroph, typically exhibiting a remarkable diversity of
metabolic pathways, that grow over rocks in freshwater streams [48]. They colonize both quiescent
waters and streams with high shear rates [49], where they contribute substantially to biogeochemical
processes [50]. PEB may also colonize terrestrial habitats, being common in stone buildings, where they
may have a negative impact both on the physical structure and the appearance of the stone [51]. This is
particularly relevant in cultural heritage buildings, where biodeterioration caused by biofilm formation
has been reported [52]. Although microorganisms from the phylum Acidobacteria play a major
role in biodeterioration of stone of cultural heritage, they are often associated with photosynthetic
cyanobacteria that provide photoassimilates essential for their heterotrophic metabolism [53].
In addition to their importance for human health, cultural heritage, ecological processes and
biotechnological applications, biofilms are genuine objects of deep scientific interest. The complexity
of internal organization of some multispecies biofilms, including autotrophic biofilms, resembles
multicellular organisms, raising the question of whether biofilms are evolutionary individuals, i.e.,
whether they are capable of evolutionary change [54,55]. Therefore, biofilms may help to solve some
fundamental problems of theoretical biology and philosophy of biology.
5. Application of LIF to Photosynthetic Biofilm
Major advances in the understanding of the ecophysiology and productivity of MPB communities
were achieved due to the application of PAM fluorometry [7,56], as these techniques allowed for
the first time the non-invasive estimation of biofilm’s photosynthetic activity. Nonetheless, these
techniques still present some limitations, such as the need for a close proximity between the MPB
sample and the PAM fluorometer optical fibre.
On the contrary, LIF has been successfully used in medium- and long-range remote sensing of
vegetation [27,57,58]. More recently, LIFT (laser-induced fluorescence transients) have been measured
using devices able to operate at a distance reaching 50 m from the sample [34,59,60]. The application
of LIF to photosynthetic biofilms, however, has been less common. To our knowledge, in its first
application to MPB, LIF has been used as a remote sensing technique to study the MPB biomass
at the intertidal mudflats of the Tagus estuary, in Portugal [18,61,62]. The authors succeed in using
LIF to estimate MPB biomass and, in the case of epipelic communities, where diatoms show vertical
migrations due to diel and tidal cycles and high irradiances, diatom movement was also successfully
tracked. Figure 2 shows typical LIF spectra of MPB in mud and sand intertidal sediments.
Results were obtained from sediment samples collected at Alcochete, Tagus Estuary, Portugal
◦
(38 440 N, 09◦ 080 W). Sampling was carried out during low tide at two locals locations with different
sediment types: a mud site with 97% of particles <63 µm, and a sand site composed of a mixture of very
fine to coarse sand ranging in diameter between 125 and 1000 µm [61]. In vivo LIF spectra of sediment
MPB communities were recorded in several independent samples collected on different occasions
between February and July 2010 with an Nd:YAG laser providing 4-ns, 30-mJ pulses at the wavelength
of 532 nm. The distance of the laser to the sediment was approximately 1 m and the diameter of the
laser spot at the sediment surface was circa 1.5 cm [61]. Emission spectra of mud sediments showed
consistently higher laser-induced fluorescence intensities than those from the sand sediments. As seen
from the figure, the red peak maximum was slightly higher in sand sediments (at the spectral position
of 686.5 nm) than in mud sediments (at 685.3 nm). There was a positive correlation between peak
area and the wavelength shift of peak maxima. This means that for areas of sediments with increased
surface biomass there is a more pronounced shift of the red peak maxima to higher wavelengths.
This is clearly visible in Figure 3, which presents the relative fluorescence spectra of three samples of
MPB with different biomass in mud intertidal sediments. In fact, MPB may present marked spatial
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Results were obtained from sediment samples collected at Alcochete, Tagus Estuary, Portugal
(38°44′ N, 09°08′ W). Sampling was carried out during low tide at two locals locations with different
sediment types: a mud site with 97% of particles <63 μm, and a sand site composed of a mixture of
very fine to coarse sand ranging in diameter between 125 and 1000 μm [61]. In vivo LIF spectra of
sediment MPB communities were recorded in several independent samples collected on different
occasions between February and July 2010 with an Nd:YAG laser providing 4-ns, 30-mJ pulses at the
wavelength of 532 nm. The distance of the laser to the sediment was approximately 1 m and the
diameter of the laser spot at the sediment surface was circa 1.5 cm [61]. Emission spectra of mud
sediments showed consistently higher laser-induced fluorescence intensities than those from the
sand sediments. As seen from the figure, the red peak maximum was slightly higher in sand
sediments (at the spectral position of 686.5 nm) than in mud sediments (at 685.3 nm). There was a
positive correlation between peak area and the wavelength shift of peak maxima. This means that for
areas of sediments with increased surface biomass there is a more pronounced shift of the red peak
maxima to higher wavelengths. This is clearly visible in Figure 3, which presents the relative
fluorescence spectra of three samples of MPB with different biomass in mud intertidal sediments. In
fact, MPB may present marked spatial heterogeneity in its abundance and composition [63], and the
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Figure 3. Relative fluorescence spectra of three samples of microphytobenthos (MPB) with different
biomass in mud intertidal sediments (one sample with low biomass and two with high biomass). The
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distance from the sample, and set to match the area measured by LIF. Sample spectra were measured
under a constant irradiance of 70 μmol photons m–2 s–1 [61]. NDVI was 0.695 for the sample with the
LIF spectra with the lower integral area and a red emission peak at the lower wavelength, and 0.827
and 0.849 for the spectra with higher integrated areas and with red emission peaks at the higher
wavelengths. A high correlation was found between NDVI and the peak area of LIF spectra, showing
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Figure 4. Laser-induced fluorescence spectra obtained from dry and hydrated soils and biological
Figure 4. Laser-induced fluorescence spectra obtained from dry and hydrated soils and biological
crusts. Each spectrum of the figure corresponds to a mean value obtained by averaging 128 returns from
crusts. Each spectrum of the figure corresponds to a mean value obtained by averaging 128 returns
7-ns laser pulses generated by a frequency-doubled Q-switched Nd:YAG laser [69] at the wavelength
from 7-ns laser pulses generated by a frequency-doubled Q-switched Nd:YAG laser [69] at the
of 532 nm. To avoid any damage to the photosynthetic apparatus of the plants under investigation,
wavelength of 532 nm. To avoid any damage to the photosynthetic apparatus of the plants under2
the chosen laser-to-sample distance provided the spot diameter at the surface location of about 1 cm ,
investigation, the chosen laser-to-sample distance provided the spot diameter at the surface
location
which, with the selected laser pulse energy of 5-mJ, corresponds to the fluence of 5 mJ/cm2 , far below
2
, which, [18].
with the selected laser pulse energy of 5-mJ, corresponds to the fluence of 5
of
1 cm
theabout
damage
threshold
mJ/cm2, far below the damage threshold [18].

Fluorescence peak (a) (Figure 4) is probably due to the presence of phycoerythrin, which in vitro
Fluorescence
peak (a)
(Figurepeak
4) is probably
due
tocryptophyte
the presenceRhodomonas
of phycoerythrin,
which
in vitro
presents
a fluorescence
emission
at 573 nm.
The
CS24.,
which
has a
presents a fluorescence emission peak at 573 nm. The cryptophyte Rhodomonas CS24., which has a
photosynthetic antenna based in phycoerythrin, presents an in vivo fluorescence emission peak at
585 nm at room temperature [70]. Fluorescence peak (b) is probably due to the presence of
phycocyanins, which, in vitro at room temperature, present a single fluorescence emission peak
around 650 nm [71]. Fluorescence peak (c) is probably due to the presence of chlorophylls, albeit the
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photosynthetic antenna based in phycoerythrin, presents an in vivo fluorescence emission peak at 585
nm at room temperature [70]. Fluorescence peak (b) is probably due to the presence of phycocyanins,
which, in vitro at room temperature, present a single fluorescence emission peak around 650 nm [71].
Fluorescence peak (c) is probably due to the presence of chlorophylls, albeit the far-red component
(usually circa 730–740 nm) is markedly predominant over the red component (typically between
680–690 nm), in contrast with the results of MPB (Figure 2). However, the increase in this peak
intensity in hydrated BSC suggests that it is in fact due to the presence of chlorophylls. We have
previously found a marked increase in the basal fluorescence (Fo) of hydrated BSC measured with a
PAM fluorometer, a device specifically designed for in vivo chlorophyll fluorescence measurements
(unpublished results). The strong increase in fluorescence emission of hydrated crusts may reflect the
activation of the photosynthetic apparatus. Most biocrusts’ microorganisms are anhydrobiotic [72],
meaning that they can withstand the loss of almost all their protoplasmic water, ceasing all metabolic
activity, but rapidly resuming it after rehydration. The putative presence of significant amounts
of phycocyanin, phycoerythrins and chlorophylls in the BSC analyzed suggests the presence in the
biofilm microbial community of both blue and red cyanobacteria, as well as eukaryotic microorganisms
(diatoms, green algae). These preliminary results suggest that LIF may be used to assess the microbial
composition of biofilms, at least at the level of major groups of microorganisms.
The recent developments within the framework of the EU project STORM (Safeguarding Cultural
Heritage through Technical and Organisational Resources Management) have demonstrated the
successful application of the induced fluorescence technique to the detection of photosynthetic epilithic
biofilms, at the early stages of their development, when they are invisible to the naked eye. The LIF
setup configuration corresponds to that used for BSC analysis: 7-ns, 5-mJ pulses at 532 nm from the
ULTRA laser produce the vegetation-safe radiation of the fluence of ca. 5 mJ/cm2 , and the induced
emission is detected by a USB4000 spectrometer (by Ocean Optics, Winter Park, FL, USA). Several
fragments of the plaster located in different places of the Early Christian basilica of Tróia, Portugal [73]
were selected as characteristic samples and are subjected to monthly measurements.
A lichen-contaminated fragment of one such sample and corresponding fluorescence signature of
the biofilm—comprising two characteristic peaks at ca. 690 and 707 nm—are shown in Figure 5. These
peaks are typical of chlorophyll a fluorescence. The main peak at ca. 690 nm represents the commonly
observed fluorescence emission of chlorophyll a in the red region, whereas the secondary peak found at
ca. 707 nm represents a shift of the typical emission of chlorophyll fluorescence in the far-red region of
the spectrum [35]. In higher plants, the far-red fluorescence emission peak is circa 740 nm, but there are
interspecific variations. In Arabidopsis thaliana the peak was reported at 726.9 nm [35] and in sunflower
at 725.4 nm. However, nitrogen starvation caused a marked downshift of this peak to 716.4 nm [27],
showing that the position of the in vivo fluorescence emission peak is not only species dependent, but
also related to the environmental conditions. The shift of the in vivo chlorophyll fluorescence emission
peaks may be due to changes in the amount of chlorophyll, alterations of the tissues’ geometry and the
presence of other chromophores (e.g., anthocyanins). Lichens are symbiotic associations of algae and
fungi and therefore are able to produce uncommon pigments such as parietin and melanin [74] which
may contribute to the shift of in vivo chlorophyll fluorescence emission peaks.
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6. Future Prospects
Estuaries lie at the interface between land and sea and are expected to suffer heavy impacts
Estuaries lie at the interface between land and sea and are expected to suffer heavy impacts of
of climate change due to sea-level rise, increasing storm frequency and severity (extreme events),
climate change due to sea-level rise, increasing storm frequency and severity (extreme events),
increased water temperature, coastal eutrophication and ocean acidification [75]. Therefore, there is a
increased water temperature, coastal eutrophication and ocean acidification [75]. Therefore, there is
need to increase their environmental monitoring. On the other hand, the expansion of drylands [76]
a need to increase their environmental monitoring. On the other hand, the expansion of drylands [76]
makes the understanding and conservation of BSC imperative, as they may contribute to prevent
makes the understanding and conservation of BSC imperative, as they may contribute to prevent soil
soil erosion and avoid dust storms, and increase soil fertility by contributing to carbon and nitrogen
erosion and avoid dust storms, and increase soil fertility by contributing to carbon and nitrogen
fixation. The inoculation of cyanobacteria to promote BSC development has been proposed as a
fixation. The inoculation of cyanobacteria to promote BSC development has been proposed as a new
new biotechnological tool to restore degraded areas and is currently actively researched in several
biotechnological tool to restore degraded areas and is currently actively researched in several
laboratories [77]. The use of LIF in the study and environmental monitoring of habitats dominated by
laboratories [77]. The use of LIF in the study and environmental monitoring of habitats dominated
photosynthetic biofilms (e.g., intertidal mudflats, arid regions’ soils, and epilithic biofilms of rocky
by photosynthetic biofilms (e.g., intertidal mudflats, arid regions’ soils, and epilithic biofilms of rocky
shores) is expected to increase since (a) compact and less expensive laser systems are becoming more
shores) is expected to increase since (a) compact and less expensive laser systems are becoming more
available and (b) the physiological interpretation of the phenomenology of LIF signals is increasingly
available and (b) the physiological interpretation of the phenomenology of LIF signals is increasingly
improving. LIF technology may be used at an intermediate level between close range technologies (e.g.,
improving. LIF technology may be used at an intermediate level between close range technologies
PAM fluorometry, which is able to in-depth depict the photosynthetic functional details of small spots
(e.g., PAM fluorometry, which is able to in-depth depict the photosynthetic functional details of small
of biofilms) and remote sensing provided by the new generation of earth observation satellites, with
spots of biofilms) and remote sensing provided by the new generation of earth observation satellites,
their increased capacity for remotely estimating ecosystem functions at large scales (e.g., photosynthetic
with their increased capacity for remotely estimating ecosystem functions at large scales (e.g.,
production) [78]. LIF technology may provide both functional and taxonomic/ecological information
photosynthetic production) [78]. LIF technology may provide both functional and
on photosynthetic biofilms. The ratio between chlorophyll a fluorescence emission in the red and the
taxonomic/ecological information on photosynthetic biofilms. The ratio between chlorophyll a
far-red bands of the spectrum correlates well with the photosynthetic activity/primary productivity
fluorescence emission in the red and the far-red bands of the spectrum correlates well with the
of the biofilms, and the spectral signature reflects the presence of accessory photosynthetic pigments
photosynthetic activity/primary productivity of the biofilms, and the spectral signature reflects the
which are characteristic of certain groups of microorganisms. Therefore, LIF is able to discriminate
presence of accessory photosynthetic pigments which are characteristic of certain groups of
between at least the major groups of photosynthetic microorganism present in a biofilm, which is
microorganisms. Therefore, LIF is able to discriminate between at least the major groups of
extremely relevant from an ecological point of view. In fact, a major effect of climate change on both
photosynthetic microorganism present in a biofilm, which is extremely relevant from an ecological
MPB [79] and BSC [80] is an increase of the importance of cyanobacteria as main primary producers.
point of view. In fact, a major effect of climate change on both MPB [79] and BSC [80] is an increase
Furthermore, present-day environmental changes and variation of climatic conditions are
of the importance of cyanobacteria as main primary producers.
responsible for the deterioration of cultural heritage at an alarming rate. In particular, there is
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an increasing hazard linked to the rapid development of biofilms on the surface of wall paintings
(frescos). We have shown that the LIF technique may become an important tool for the diagnosis and
conservation of cultural heritage, in articulation with other spectroscopic techniques. In particular,
we found to be promising the combination of LIF with the detection of two-dimensional spectral
fluorescence signatures (SFS) using the fluorescence induction by a wide spectrum source (such as a
pulsed xenon flashlamp) coupled with a monochromator, enabling the instrument to additionally scan
the excitation wavelength [81]. The latter technique permitted the detection of not only the algae, moss,
or lichen infestation, but also the non-chlorophyll-containing biofilms (such as fungi and bacteria),
due to significant fluorescence emission of proteins in the vicinity of the point 280/325 nm on the
excitation/emission wavelength plane [82,83]. This example clearly illustrates the complementarity
and potential synergism between LIF and other techniques in the study of biofilms. Biofilms are
increasingly seen as a useful resource in biotechnological applications. The use of photosynthetic
biofilms, taking advantage of new reactor technologies, offers several vantages over cells in suspension.
For example, the high density of the immobilized biocatalyst facilitates the separation between
the catalyst and the product, significantly decreasing the expense of downstream processing [84].
Furthermore, some biotechnological uses of biofilms cannot be done in cell suspensions, and the
formation of biofilms is mandatory. Microbial fuel cells are an emerging technology that uses
microorganisms to metabolize organic substrates to produce electrical power. However, the energy
balance of this process might not be favorable to industrial production, since it requires the use
of energy-enriched organic substrates as raw materials. Fortunately, recent research showed that
certain photosynthetic bacterial biofilms are capable of self-mediated extracellular electron transport,
overcoming the need for organic substrates and therefore boosting the future development of renewable
solar energy technologies. Besides cyanobacteria, green algae may also be used, but it is required that
the microorganisms form a biofilm directly over the surface of a transparent, conductive anode [85].
The measurement of photosynthetic activity of intact biofilms with the instruments used in cell
suspensions (e.g., Clarke-type oxygen electrodes [86]) is not feasible and their adaptation to use in
biofilms [87] is not suited to be used in large scale and automation [7]. Therefore, the application of
LIF to monitor and study photosynthetic biofilms used in biotechnological applications for electricity
production or other purposes (e.g., biohydrogen production, wastewater treatment, bioremediation,
fish-feed production, soil improvement, etc. [88]) is very promising.
Simultaneously, with the tremendous progress in the area of production of new optoelectronic
materials, the availability of induced fluorescence methods increases at nearly the same pace as
that of the information technologies. Remarkably, the advance affects both the radiation sources
and the photodetectors: costly, heavy and bulky lasers are giving way to their compact, efficient
and long-lifespan counterparts, based on robust mechanical design, high-purity crystals, new lasing
media, etc. On the other hand, novel high-sensitivity photodetectors alleviate the requirement of the
irradiation intensity, making it possible to implement the fluorescence sensor on the basis of more
compact and less expensive sources, such as laser diodes and flashlamps. As was discussed, in the latter
case one can obtain two-dimensional spectral fluorescence signatures of the object under investigation
that are much more informative than the conventional spectra due to monochromatic irradiation. Apart
from low dimensions, light weight and low fabrication costs, contemporary fluorescence sensors have a
tendency to be more robust and require less maintenance due to better and more reliable electro-optical
components (see, e.g., [89]). We foresee an enlarged application of the induced fluorescence
spectroscopy to photosynthetic biofilms, both in environmental studies and monitorization and
in biotechnological applications, as well as in cultural heritage conservation programs.
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