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Abstract  

Understanding the impact of sessile communities on underlying materials is of paramount 

importance in stone conservation. Up until now, the critical role of subaerial biofilms (SABs) 

whether they are protective or deteriorative remains unclear, especially under desiccation. 

The interest in desiccated SABs is raised by the prediction of an increase in drought events in 

the next decades that will affect the Mediterranean regions’ rich stone heritage as never 

before. Thus, the main goal of this research is to study the effects of desiccation on both the 

biofilms’ physiology and its impacts on the lithic substrate. To this end, we used a dual-species 

SAB composed of a phototroph and a chemotroph as a model of microbial communities on 

stone heritage. We found that drought altered the phototroph-chemotroph balance and 

enriched the biofilm matrix with proteins and DNA. Desiccated SABs underwent a shift in 

metabolism to fermentation and a decrease in oxidative stress. Additionally, desiccated SABs 

changed the water-related dynamics (adsorption, evaporation, and wetting properties) in 

limestone. Water absorption experiments showed that desiccated SABs protected the stone 

from rapid water uptake, while a thermographic survey indicated a delay in water 

evaporation. Spilling-drop tests revealed a change in the wettability of the stone-SAB 
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interface, which affected the water transport properties of the stone. Finally, desiccated SABs 

reduced stone swelling in the presence of water vapor. The biodeteriorative and 

bioprotective implications of desiccated SABs on the stone were ultimately assessed.   

 

 

Highlights 

• Drought changes the composition, structure, and metabolic profile of SABs while 

reducing oxidative stress 

• SAB metabolism responds to drought stress by shifting to fermentation 

• Desiccated SABs protect the stone from rapid water uptake and evaporation 

• Desiccated SABs change the wetting properties of the stone and reduce stone swelling 

upon exposure to water vapor. 

• Desiccated SABs affect the flux of water between the substrate and the environment, 

showing a moisture-controlling feature 

 

 

Keywords: drought, desiccated subaerial biofilm, fermentation, water dynamic, swelling 
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1. Introduction 

 

The mineral-air interface is a large ecological niche that has existed since the dawn of Earth. 

Despite the stark and oligotrophic environment, the mineral-air interface hosts a thin veneer 

of densely packed microorganisms living within an extracellular polymeric matrix (EPM) that 

they produce themselves. These well-organized self-sufficient communities that colonize the 

mineral substrates exposed to the atmosphere are called subaerial biofilms (SABs) 

(Gorbushina, 2007).  

SABs are not passive colonizers, but are rather dynamic ecosystems receptive to 

environmental changes, being sensitively tuned to both the substrate and the air. They are 

well adapted to extreme and fluctuating environments, which promote the development of 

specialized microorganisms with efficient metabolic stress responses (Villa and Cappitelli, 

2019). Similar to other mineral substrates, stone monuments are an inescapable target of SAB 

colonization. The keystone species of SAB communities on stone monuments are oxygenic 

phototrophs that often cohabitate with chemoorganotrophs (Gaylarde et al., 2012). 

Phototrophs, such as cyanobacteria, sustain chemoorganotrophs development by providing 

photosynthetically fixed carbon, exudates, and cell debris (Albertano, 2012; Gaylarde et al., 

2017; Gulotta et al., 2018; Sanmartín et al., 2020). Chemoorganotrophs promote phototrophs 

growth by consuming oxygen, supplying key metabolites, and scavenging waste products 

(Villa and Cappitelli, 2019).  

The growth of SABs on stone heritage has long been associated with a conservation threat—

namely biodeterioration—as investigated and reviewed by several researchers (inter alia 

Branysova et al., 2022; Liu et al., 2020; Potysz and Bartz, 2022). Biodeterioration is defined as 

any undesirable change in the material property caused by the activities of organisms. 

However, the finding of SABs on deteriorated stones does not always mean that they are 

responsible for the decay as is frequently thought (Favero-Longo and Viles, 2020; Liu et al., 

2022). Remarkably, a growing number of studies have claimed that SABs on stones have a 

neutral and even a protective effect (Carter and Viles, 2005; Gulotta et al., 2018; Pinna, 2014; 

Sanmartín et al., 2020; Warscheid and Leisen, 2011). Some of the proposed protective 

mechanisms include the lowering of water level within the stone and the mitigation of the 

physical and chemical weathering (Bartoli et al., 2014; Cutler et al., 2013; Mottershead et al., 

2003). Understanding the range of impacts of sessile communities on the materials’ surface 
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would be of paramount importance for stone conservation (Naylor et al., 2002). Currently, 

however, the investigation on the role of SABs as being protective or deteriorative has been 

very limited.  

The scientific evidence suggests that environmental changes will potentially alter the 

relationship between the SAB and the lithic substrate, with important implications for 

conservation strategies (Goller and Romeo, 2008; Viles and Cutler, 2012). Drought is one of 

the environmental conditions that affect the SAB's physiology and activity. Drought is water 

deficiency that drives ecosystems beyond vulnerability thresholds, impacts ecosystem 

services, and triggers feedback in natural and human-made systems (Crausbay et al., 2017). 

After all, water is one of the most essential factors for the growth of all organisms. By 

functioning as a temperature buffer and a solvent, water affects pH, oxygen level, 

hydrodynamics, osmolarity, and diffusion of ions and nutrients in the biofilm community.  

Although the global climate models vary in many ways, they all agree on the prediction of 

increasing drought in the Mediterranean regions in the coming decades with potentially 40% 

less precipitation (Tuel and Eltahir, 2020). Since drought will be a key driver in the ecological 

dynamics of the Mediterranean regions, hence, the regions’ rich stone heritage, we studied 

the effects of desiccation on both the SABs’ physiological response and impact on the lithic 

substrate. To this end, a dual-species SAB grown on limestone was used in this study based 

on the metabolic coupling between a phototroph and a heterotroph and representing actual 

field conditions (Villa and Cappitelli, 2019). The desiccated SABs’ structural and metabolic 

changes were investigated, along with the stones’ water-related dynamics. The 

biodeteriorative and bioprotective implications of desiccated SABs on the stone were 

ultimately assessed.   

 

 

2. Materials and methods 

 

2.1. SAB growth and desiccation experiments 

Dual-species SABs, composed of the phototroph Synechocystis PCC 6803 and Escherichia coli 

K12 MG1655, were grown according to the protocol reported by Villa et al. (2015). Briefly, 

limestone coupons inoculated with the phototroph-heterotroph planktonic culture were 

placed in a modified Drip Flow Reactor set on a surface held at a 10° slant and attached to the 
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medium reservoir. The mineral medium BG11 was pumped through the system every 12 min 

at 1 ml/min for 3 min, creating a discontinuous flow rate. The reactor operated in 

discontinuous flow mode for 10 days at room temperature under a 14/10 day/night 

photoperiod and 40 µmol(photons)/m2/s illumination.  

After 10 days, mature dual-species SABs were divided into two groups. One group was kept 

hydrated with the BG11 solution, and the other group was desiccated using influent tubing 

attached to air supply systems composed of common aquarium air pumps, ultrafilter 

membranes, and rubber tubing. Air entered at the top of each single reactor channel and 

exited at the bottom through the effluent port, without being pressurized in the DFR. The 

SABs were exposed to the constant breeze and extremely dry conditions for 24 hours. Both 

hydrated and desiccated SABs were immediately processed for further analyses.  

 

2.2. Biomass quantification and visualization, EPM characterization and oxidative stress 

The biomass of hydrated and desiccated SABs was collected by gently scrubbing off the 

surface with a sterile toothbrush and placed in PBS. Viable cell counts were determined as 

previously reported by Villa et al. (2015). Data from colony counts were taken from three 

different experiments (each dilution plated in triplicate) and used to calculate the number of 

CFU per cm2 for each microorganism. 

The structure of the hydrated and desiccated SABs was visualized by confocal laser scanning 

microscopy (CLSM). Confocal images were collected using a Leica TCS-SP5 confocal 

microscope (Leica Microsystems Heidelberg GmbH, Germany) and a 20X dry objective. 

Fluorescence was excited and collected using the following laser lines and emission 

parameters: for GFP-tagged E. coli cells, ex 488 nm, em 500-550 nm, and autofluorescence of 

Synechocystis ex with 633nm, em 650-750 nm. Captured images were analyzed with the 

software Imaris (Bitplane Scientific Software, Switzerland) for 3D reconstructions of SABs. A 

minimum of three SABs samples for each condition were analyzed and representative images 

were presented. 

The extracellular polymeric matrix (EPM) of both hydrated and desiccated SABs was 

characterized in terms of carbohydrates, proteins, and extracellular DNA (eDNA) content 

following the procedure described by Villa et al. (2012). Briefly, the EPM was extracted using 

the EDTA method followed by centrifugation, and filtration of the supernatant with 0.2 µm 

polyethersulfone membranes (S623; Whatman, Florhan Park, NJ). Then, one-half of the eluate 
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was used for the quantification of proteins and carbohydrates according to the Bradford and 

the phenol–sulfuric acid methods, respectively. The second half of the eluate was used for 

the extracellular DNA (eDNA) quantification based on the (CTAB)-DNA method. Results were 

normalized by the CFU/cm2. Experiments were performed in triplicate. 

The level of oxidative stress in hydrated and desiccated SABs was determined by using 2',7'-

dichlorofluorescein diacetate assay according to (Jakubowski et al., 2000). The fluorescence 

of the supernatant was measured using the fluorometer VICTOR™ X Multilabel Plate Readers 

(Perkin Elmer), excitation 490 nm, and emission 519 nm. The emission values were 

normalized by the CFU/cm2. Experiments were conducted in triplicate. 

 

2.3. Metabolites extraction and detection 

Polar metabolites were extracted for NMR metabolomics similarly to what has previously 

been reported (Fuchs et al., 2016). Briefly, hydrated and desiccated SABs were collected by 

gently scrubbing off the surface with a sterile toothbrush and placed in 5 ml of PBS. The 

resulting suspensions were centrifuged at 5000 rpm for 10 min at 4 °C.  Cell pellets were 

resuspended in 1.5 ml of 50% aqueous methanol and placed at -80 °C for a minimum of 2 

hours to allow for the solution to freeze. Cells were subsequently thawed and transferred to 

glass tubes, followed by sonication for 30 sec. The freeze-thaw cycle was repeated twice, 

followed by centrifugation at 14,000 x g for 5 min at 4 °C, and resulting supernatants were 

transferred to new microcentrifuge tubes. An equivalent volume of chloroform was added to 

the supernatant and thorough mixing was achieved by briefly vortexing the suspension. 

Subsequent phase separation was achieved by centrifugation at 14,000 x g for 5 min at 4 °C. 

Following this step, the top aqueous methanol phase was transferred to a separate tube and 

dried using a speed vacuum overnight with no heat. The resulting dried metabolite mixtures 

were stored at -20 °C until further analysis by NMR. Dried intracellular metabolite extracts 

were resuspended in 700 µl of NMR buffer (25 mM NaH2PO4/Na2HPO4, 0.4 mM imidazole, 

0.25 mM DSS, 100% D2O, pH 7), followed by a quick centrifugation step to remove any 

insoluble material, and transferred to 5 mm Wilmad NMR tubes, as described in Fuchs et al., 

(2016). NMR samples were prepared from triplicate experiments with duplicate technical 

replicates for each condition.  

 

2.4 NMR Data Acquisition and Processing 
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1D 1H NMR spectra were recorded at 298 K (25 °C) using a Bruker AVANCE III 600 MHz (1H 

Larmor frequency) solution NMR spectrometer equipped with a 5 mm triple resonance (1H, 
15N, 13C) helium-cooled TCI cryoprobe, a SampleJet automatic loading system, and Topspin 

software (Bruker version 3.2). 1D 1H NMR data acquisition was performed using the Bruker-

supplied‘noesypr1d’ pulse sequence, and NMR spectra were recorded using a 1H spectral 

window of 9600 Hz and 256 scans. FIDs were collected using 32K data points and dwell time 

interval of 52 ms, amounting to a data acquisition time of 1.7 sec. The relaxation recovery 

delay was set to 2 sec with a mixing time period of 50 msec between scans. DSS was used for 

chemical shift references and relative intensity calibration, while the imidazole signal was 

used to correct for slight chemical shift changes due to small pH discrepancies between 

samples. Chemical shift referencing and spectra preprocessing including baseline correction, 

zero filling, and phasing were done using Topspin. Further processing of 1D NMR spectra 

including identification and quantification of metabolites was conducted using the Chenomx 

software (version 8.0). Further validation of metabolite IDs was done using 2D NMR, including 

2D 1H-1H TOCSY experiments as described in Fuchs et al. (2019). 

Metabolite concentrations (mM) obtained from the profiling of metabolites using Chenomx 

were exported and converted to attomoles/CFU) by accounting for NMR volumes and 

normalizing metabolite levels to CFU. For univariate and multivariate statistical analysis using 

the MetaboAnalyst software (version 3.0) (Xia et al., 2015), metabolite concentrations were 

further log (base 2) transformed to ensure a Gaussian distribution of the data and auto-scaled 

(i.e., mean-centered and divided by the standard deviation).  Metabolites with a false 

discovery rate (FDR) corrected p-value less or equal to 0.05 were considered significant. 

Student t-test, PCA, and PLS-DA were conducted to assess similarities and differences in 

metabolite profiles between hydrated versus desiccated sample groups. Variable of 

importance in projection (VIP) plots were used to assess the contribution of specific 

metabolites to the group separations observed in the PLS-DA model. Metabolites with VIP 

scores > 1 were considered significant. 

 

2.5 Magnetic resonance imaging (MRI) 

Stone specimens without and with SABs under different water regimes (hydrated vs. 

dehydrated SABs) were cut to fit snugly into the 10 mm NMR tubes, and the uncolonized 

bottom was submerged with water, and subjected to vacuum for 110 seconds. Water 
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absorption under vacuum guaranteed air removal inside the pores and then water 

penetration into the pores from the bottom of the stone. The images were acquired at 25 °C 

using a standard bore Bruker Avance AV600 spectrometer, operating at 1H resonance 

frequency of 600.13 MHz, equipped with a 10 mm 1H micro-imaging probe and a variable 

temperature control unit. The MRI signal intensity is correlated to the quantity of water in the 

stone. Bright regions in these MRI images reveal the presence of water inside the stone pores, 

where each pixel is proportional to the water amount in the corresponding voxel. The image 

data from the native format were converted into a numerical format suitable for quantitative 

analysis. Image analysis and data processing were performed with ParaVision v. 4.0. The 

software shows the map of the water signal intensities of a region of interest (ROI), selected 

by the user. Given an ROI binary mask image, the software extracts values and reports the 

mean and variance that can be analyzed. Using XLSTAT (Addinsoft, version 2022.2.1), a three-

parameter asymptotic regression model was fitted to the experimental data to predict the 

water saturation value in the stones without and with SABs. Experiments were conducted in 

triplicates. 

 

2.6 Capillary water absorption coefficient (Acap) 

The capillary water absorption coefficient of stones without and with desiccated SABs was 

based on upwards suction combined with the weighing method (UNI EN 1925:2000). Stone 

coupons were first dried in an oven at 104 °C to a constant weight, and then all surfaces, 

except the test surface with the SAB, were sealed to ensure one-directional transport of 

water. After the epoxy cured, the specimen was placed with the test surface facing down on 

a support frame in a water tank at a temperature of 20 ± 1 °C. During the test, the water level 

was maintained at 5 mm above the bottom of the specimen, and the specimen was removed 

every 15 seconds.  The surface moisture was removed with a damp pad and the specimen 

was weighed immediately. The experiments last till the water content in the sample reaches 

an asymptotic value. All the gravimetric measurements were carried out with a Mettler 

Toledo balance (10-4 g precision). The means of cumulative water inflow per unit area (kg/m2) 

were plotted against the square root of time (s1/2) during the first 3 hours. The angular 

coefficients of the linear trend of the curves determined the Acap values. 

 

2.7 Thermographic analyses and evaporation flux (�) 
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A thermal camera (AVIO R500EX-pro, uncooled microbolometric detector, 640x480 pixels) 

was used to monitor over time the evaporation process of limestone coupons without and 

with SABs under desiccation. The thermal camera was mounted on the roof of a climatic 

chamber (Piardi, Italy) set at 25 °C and 50 % relative humidity. The samples were sealed as 

described in 2.5 in order to live only the colonized surface free to evaporate. Then, samples 

were placed inside the climatic chamber until the limestone coupons (without and with SAB) 

reached the moisture equilibrium with the environment. In our case, this occurred after about 

5 hours for the SAB-free control samples. Experiments were conducted in triplicates. 

In addition, the evaporation flux (�)—the flux of water vapor mass that leaves the surface of 

the stone expressed in kilogram per unit of surface per unit of time—was determined. The 

values were obtained from the continuous weight measurements of the samples placed in 

the climatic chamber with a precision balance (Mettler Toledo balance, 10-4 g precision). 

Evaporation fluxes (kg m-2 s-1) were plotted versus the water content of the samples, defined 

as the water mass contained in the sample with respect to the weight of the dried sample 

(oven 104°C for 24h). 

 

2.8 Spilling drop test and UV fluorescence  

The spilling drop test evaluates the wettability of a surface by using a thermal camera to study 

how far a drop of water spreads over a stone surface after its deposition (Ludwig et al., 2018). 

During 30 seconds of shooting, one drop of distilled water (0.03 ml) was spilled on top of 

stones without and with desiccated SABs. Thermal images were acquired to show the drop 

spreading on the surface according to the physical features of the material (e.g., 

hydrophobicity, porosity, roughness) (Rosina et al., 2008). The cold area of the deposited drop 

was evaluated by proper segmentation software that counts the number of pixels below a 

certain temperature threshold (Melada et al., 2020a). UV fluorescence was used to single out 

the area where desiccated SABs were present since the visible light induced by the UV lamp 

fluorescence provides evidence of biological materials on stones. Experiments were 

conducted in triplicates. 

 

2.9 In-vivo rehydration experiments 

Desiccated SABs were inserted into an environmental chamber (Pathology Devices LiveCell+ 

system, USA) to control both the temperature and the humidity. The chamber was mounted 
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on the motorized stage of an inverted Leica TCS SP5 confocal microscope (Leica Microsystems 

Heidelberg GmbH, Germany). The CLSM control software was set to take a series of time-

lapse xyzt scans at intervals of 5 min at different depths in the biofilm over a period of 90 min. 

The environmental chamber was set at 25 °C, and the relative humidity (RH) was gradually 

increased from 28% to 90%. Biofilms were scanned at 600 Hz using a 10X dry objective with 

488 nm and 633 nm laser excitation lines to visualize both green GFP-E. coli cells and the red 

autofluorescence of the phototrophic component of the dual-species SAB. In addition, the 

CLSM was used in reflectance mode with the 488 nm argon line for relief imaging of 

specimens. Images were analyzed in MetaMorph software (Universal Imaging Corp., 

Downington, PA) in order to estimate the vertical swelling of the stone substrate and to track 

the average fluorescence intensity of the entire image for each channel. Average intensity 

values were normalized by dividing the fluorescence intensity recorded at the different time 

points by the initial average fluorescence intensity values. Experiments were conducted in 

triplicates. 

 

 

3. Results and Discussion 

 

3.1. Drought changes the composition, structure and metabolic profile of SABs while 

reducing oxidative stress 

Periodic water deficiency that pushes the ecosystems beyond their vulnerability threshold 

will become more frequent in the near future. Thus, an extreme drought intensification 

arising from climate change raises concerns about how the stone ecosystem—composed of 

the SAB and the lithic substrate—responds to such events. We addressed this issue by using 

well-controlled laboratory experiments with replicated dual-species SABs that resembled the 

phototroph-heterotroph interactions on lithic substrates (Villa et al., 2015). Traditionally, 

microbial research focuses on a single species, because biofilms of a single species greatly 

facilitate genetic and physiology microbial growth studies and biofilm development 

investigation (Tan et al., 2017). In reality, however, microorganisms exist as communities, and 

community behavior cannot be predicted by single-species studies (Elias and Banin, 2012). 

The dual-species SAB used in this study shows symbiotic interactions between the two 

microorganisms and underpins functional traits characteristic of biofilm inhabiting lithic 
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substrata (Villa et al., 2015). This system is a model of microbial communities on stone 

heritage and it allows us to overcome the difficulties and limitations of field experiments. 

Drought affected the composition of SABs as shown by a statistically significant reduction in 

the CFU/cm2 of only the phototrophic component (Figure 1a), as also seconded by CLSM 

analysis. The 3D reconstruction of cell aggregates in hydrated SABs showed E. coli colonies 

(green signal) mantled by Synechocystis cells (red signal). In desiccated SABs, the colonization 

pattern changed, where the red signal was reduced, which corresponded to a decrease in the 

phototrophic component (Figure 1b). Our findings agreed with other experiments where 

stream biofilms were desiccated to mimic flow intermittence and subsequent drying (Sabater 

et al., 2016). Timoner et al. (2012) demonstrated that in desiccated biofilms, the autotrophic 

biomass was decreased by as much as 80%, while the heterotrophic biomass was only 20%. 

Acuña et al. (2015) found that dry habitats impacted the autotrophic and heterotrophic 

processes in the stream biofilms and promoted heterotrophy. In our desiccated SABs, the 

cyanobacteria can be the least resistant as it is the most exposed to the environment, but the 

quickest to recover after rewetting. Autotrophic processes are less resistant, but still more 

resilient than heterotrophic processes (Acuña et al., 2015). 

The EPM of desiccated SABs had considerably higher proteins and eDNA content than that of 

the hydrated one, while the polysaccharides content was statistically the same (Figure 1c). 

The amount of eDNA in desiccated SABs is almost double that of the hydrated ones. This is 

not surprising as cell lysis under stressful conditions provides a simple mechanism for 

releasing DNA into the extracellular environment. Recent findings suggest that eDNA is 

responsible for biofilm cohesion and adhesion, possibly because it binds with the matrix 

polysaccharides and forms strong cross-links with multivalent cations (Hu et al., 2012; Yang 

et al., 2022). The eDNA confers strength and compactness to the EPM and it restricts the 

diffusion of molecules (Campoccia et al., 2021). The matrix compactness may reduce water 

loss and increase resistance to environmental stresses (Hu et al., 2012). Furthermore, 

desiccation-tolerant microorganisms can use eDNA as a xeroprotectant as reported by García-

Fontana et al. (2016). Using molecular studies, the drought-tolerant microorganisms were 

shown to induce the expression of genes for the production and uptake of exogenous DNA in 

response to dry conditions (García-Fontana et al., 2016; Palud et al., 2020). The increasing 

eDNA content in the EPM of desiccated SABs may supply additional nitrogen and phosphorous 
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and/or exogenous nucleotides, and may also contribute to horizontal gene transfer through 

natural transformations (Ibáñez de Aldecoa et al., 2017; Pietramellara et al., 2009).  

Desiccated SABs experienced less oxidative stress than the hydrated ones (Figure 1d). It has 

been reported that desiccation, and, consequently, saline stress and nutrient limitation, may 

destabilize the balance between oxidants and antioxidants in the cells, which leads to 

oxidative stress (Grzyb and Skłodowska, 2022). Oxidative stress can inflict severe damage on 

SAB-dwelling cells because reactive oxygen species (ROS) interaction with the cellular 

components causes conformational changes and loss of function. Two different mechanisms 

can explain the reduced ROS level in desiccated SABs. First, the inhibition of photosynthesis 

reduced the level of oxidative stress because the photosynthetic machinery is a major source 

of ROS (Raanan et al., 2016). Second, when responding to an increase in ROS concentration, 

the desiccated SABs possibly activated various regulators that modulate the transcription of 

genes involved in ROS scavenging and DNA repair (Baubin et al., 2022). An increase in 

antioxidant enzyme synthesis is typically a response to dehydration, however, the synthesized 

enzymes and the extent of the synthesis vary with species (Kranner et al., 2008).  
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Figure 1: Panel (a) shows the composition of hydrated and desiccated dual-species SABs 

measured as viable cells count. Colony-forming units (CFU) are normalized by the surface area 

(cm2). Panel (b) displays the 3D reconstruction of cell aggregates in hydrated and desiccated 

SABs. Color key: E. coli cells, green (GFP); Synechocystis cells, red (autofluorescence). The bars 

in the CLSM images represent 50 µm. Panel (c) displays the biochemical composition of the 

EPM in the hydrated and desiccated SABs. The µg of carbohydrates, proteins and eDNA have 

been normalized by the number of biofilm-dwelling cells (LogCFU/cm2). Panel (d) reports the 

oxidative stress experienced by the hydrated and desiccated SABs. The relative fluorescence 

(arbitrary unit, A.U.) has been normalized by the number of biofilm-dwelling cells 

(LogCFU/cm2). Data represent the mean ± standard deviation of three independent 

measurements. The asterisk above the columns indicates a significant difference between the 

two data sets (t-test p ≤ 0.05). 

 

To investigate the drought-induced metabolic responses on SABs, the metabolic profiles of 

hydrated and desiccated biofilms were identified and quantified using 1D 1H NMR. 

MetaboAnalyst (Chong et al., 2018; Xia et al., 2015) was used to conduct Principal Component 

Analysis (PCA) on the dataset. This analysis demonstrated that the hydrated SABs were 

distinct from the desiccated ones (Figure 2). PC1 and PC2 accounted for 51.4% and 27.1% of 

the overall variance, respectively, providing evidence that the dry condition changed the 

metabolic profile of the dual-species SABs. 
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Figure 2: Two-dimensional Principal Component Analysis (2D-PCA) scores plot generated 

from the multivariate statistical analysis of the intracellular polar metabolites profiles of 

hydrated (pink) and desiccated (blue) dual SABs. The unsupervised PCA analysis demonstrates 

that the intracellular polar metabolomes of desiccated and hydrated dual SABs are distinct 

and significantly separate the two groups, with PC 1 and PC 2 accounting together for 78.5% 

of the variance. Shaded ellipses indicate 95% confidence intervals. 

 

To further evaluate the contribution of each metabolite to the group separation and to search 

for potential metabolite indicators of SABs under drought stress, variable importance in 

projection (VIP) scores were used to identify variables (i.e., metabolites) that have a 

significant impact on the SABs group separation. Metabolites whose VIP scores were greater 

than one (VIP > 1), were considered significant and were combined with Student’s t-test (p < 

0.05) to identify key metabolic markers of drought stress (Table 1).  
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Table 1: Identified intracellular and extracellular metabolites that differentiate hydrated and 

desiccation SABs. Concentration data are presented as mean and standard deviation (SD); ND, 

not detected. Metabolites are ranked according to their VIP (variable importance in 

projection) value. Only VIP values ≥ 1 are reported. All metabolites have a p ≤ 0.05 where p-

values were based on independent sample t-tests. 

 

NMR analysis of SAB metabolites identified formate, acetate, lactate, acetate, 2-hydroxy-3-

methylvalerate, and ethanol as major organic acids and alcohol produced by the desiccated 

biofilms. These findings suggested that the SAB community performed mixed-acid 

fermentations for energy generation under desiccation (Figure 3) (Stal and Moezelaar, 1997). 

Photosynthesis is one of the key processes affected by water deficiency. The arrest of 

photosynthesis during drought is a photoprotective strategy commonly observed in intertidal 

beach rock biofilms and biocrusts to preserve the photosynthetic machinery, guaranteeing 

rapid reactivation after rewetting (Thomas et al., 2022; Petrou et al., 2014). During 

desiccation, the photosynthetic activity of Nostoc commune colonies decreased with the 

water content and recovered rapidly upon rehydration (Sakamoto et al., 2009). Furthermore, 

desiccated SABs are likely to experience a decrease in O2 availability as a result of the 

increased viscosity of EPM that impedes the molecular diffusion (Leprince et al., 2000). All 

these phenomena can promote an anaerobic environment for fermentation. After all, the 

onset of fermentation does not require a strict anoxic condition, but a reduced oxygen partial 

pressure, as demonstrated by many cyanobacteria including Nostoc sp. that performs 
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fermentation with 3.4% oxygen in the gas phase (Stal and Moezelaar, 1997). E. coli produces 

acetate, lactate, and formate during mixed-acid fermentation as well as ethanol (Vuoristo et 

al., 2015). Angermayr et al. (2016) suggested that Synechocystis ferments in the dark and 

anoxic period, leading to intracellular acetate and lactate formation. The energy yield from 

the conversion of glycogen to acetate and lactate presumably covered the general costs of 

cellular maintenance during the anoxic period. Acetate and lactate production could also be 

derived from a shift toward the oxidative pentose pathway of Synechocystis sp. PCC 6803 

(Takeya et al., 2018). Accumulation of 2-hydroxy-3-methylvalerate could be due to the 

fermentation shift.  Gammacurta et al. (2018) showed that branched hydroxylated esters, like 

ethyl 2-hydroxy-4-methylpentanoate, were the only compounds strongly influenced by the 

lactic acid bacteria fermentation in Bordeaux red wines. Basan et al., (2015) examined the 

metabolic savings of generating energy through aerobic respiration and the metabolic costs 

of synthesizing the enzymes and other biological apparatus required for fermentation and 

aerobic respiration within the bacterium E. coli. They concluded that since the cost of protein 

synthesis overrules the metabolic savings for fast-growing cells, the cells under stress 

conditions preferred fermentation over respiration because it is more proteome efficient.  

Desiccation caused the accumulation of amino acids (aspartate, alanine, arginine, and 

leucine) and nucleosides (cytidine, guanosine, uridine, adenosine) with 1.5- to 3.5-fold 

concentration increase. Protein and RNA syntheses are low in non-growing cells compared to 

growing cells, and accordingly, under stress, E. coli increases metabolites related to the 

degradation pathways for amino acids and nucleotides (Radoš et al., 2022). In the pyrimidine 

salvage pathway of E. coli, cytidine and uridine give rise to UTP (uridine-triphosphate) and 

CTP (cytidine-triphosphate)—substrates for the synthesis of RNA (Andersen et al., 1995). 

Thus, we speculated that RNA degradation led to the accumulation of adenosine and 

guanosine, but this degradation could have occurred in Synechocystis as well (Zhang et al., 

2022). Interestingly, mRNA degradation regulates the activity of the central carbon 

metabolism and metabolic responses to stress (Roux et al., 2022). As arginine and leucine 

have the potential to control almost all amino acid biosynthesis pathways (Radoš et al., 2022), 

we hypothesized that their abundance is related to the capacity of cells to begin growing as 

promptly as the environmental conditions return favorably.  

In our experiments, the accumulation of trehalose and betaine decreased in the desiccated 

SABs. Trehalose and glycine betaine were proposed as stress effectors against desiccation 
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(osmolytes) because they were found in nearly all anhydrobiotes and they could mitigate 

desiccation-induced damage in many microorganisms (Klähn and Hagemann, 2011; Zhang 

and Yan, 2012). Our findings are in contrast with other works that reported an increase in the 

osmolytes concentration under desiccation (Sakamoto et al., 2009; Tapia and Koshland, 

2014). The osmolytes trehalose and betaine are also synthesized in presence of a saline stress 

(Singh et al., 2022). The presence of trehalose and betaine in hydrated SAB is not surprising 

as mineral substrates such as limestone release water-soluble salts on the surface (Lamar and 

Shorde, 1953), and the SAB-dwelling cells are well acclimated to the salinity (Villa and 

Cappitelli, 2019). Thus, the osmolytes that protect SABs against salt stress and desiccation can 

also act as potent carbohydrate storage providing a nutrient source under unfavorable 

conditions. The impairment of trehalose synthesis results in a higher glucose availability 

(Laskowska and Kuczyńska-Wiśnik, 2020), which can be used for respiration or fermentation.  

E. coli contains periplasmic and cytoplasmic trehalases that catalyze the hydrolysis of 

trehalose into two molecules of D-glucose. 

 

 
Figure 3. Metabolite concentrations quantified via 1H NMR spectra of hydrated and 

desiccated SABs indicate changes in the mixed-acid fermentation pathway. Identified 
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metabolites within this pathway include lactate, formate, ethanol, and acetate; concentration 

changes are depicted above in each sample set. 

 

3.2. Desiccated SABs affect the water transport properties of the stone pores  

Nuclear Magnetic Resonance Imaging (MRI) provides a tool to visualize the presence of water 

inside the stone pores and, hence, the effects of hydrated and desiccated SABs on water 

penetration in geomaterials. In our experiments, SABs colonized only the upper side of the 

specimens, and MRI was applied to evaluate water absorption from the bottom of the stone 

coupon towards its core. Figure 4 displays the water content in the stone over time (Images 

available in Supplementary materials S1). Water absorption for hydrated and desiccated SABs 

was very rapid for the first 10 seconds and then eventually reached saturation point after 30 

seconds (Figure 4a). Since the solution to a simple diffusion problem is complementary to the 

inverse exponential form, this form is fitted to calculate the maximum theoretical water 

content (saturation point) for each condition as shown in Figure 4b. The calculated saturation 

points for the stones with hydrated and desiccated SABs were 41.95 and 34.18 A.U., 

respectively. Meanwhile, the SAB-free stones (control samples) continued to absorb water 

over time until a calculated saturation point of 78.23 A.U. Overall, the water content in the 

stone in descending order is the following: SAB-free stone>hydrated SABs>desiccated SABs.  
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Figure 4. Panel (a) Experimental data from MRI images. Water content in the stone pores in 

arbitrary units (A.U.) plotted against time in seconds. Panel (b) Regression model (y= Ae-Bx + 

C) fitted to the mean of experimental data, the fitted equations, and the coefficients of 

determination (R²). The asymptote of the curve, C, is the water saturation point. 

 

In order to corroborate the MRI results, the capillary water absorption coefficients (Acap) were 

determined for both the control and desiccated SAB samples. The MRI was based on the 
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diffusion from the bottom of the stone, while the Acap was from the top of the stone, meaning 

from the part covered by the SAB.  

Figure 5 shows the means of cumulative water inflow per unit area (kg/m2) plotted against 

the square root of time (s1/2) during the first 3 hours. The angular coefficients of the linear 

trend of the curves—the Acap values—signified the water absorption rate of the colonized and 

uncolonized stone surfaces. The capillary water absorption performance of the stones with 

desiccated SABs (0.035 kg m-2 s-1/2 ± 0.01) was statistically significantly lower (t-test p ≤ 0.05) 

than that of the control samples (0.044 kg m-2 s-1/2± 0.02), suggesting that the biofilms had 

modified the water absorption characteristic of the stone. Despite the fact that MRI and Acap 

experiments investigated water diffusion inside the stone from different perspectives 

(downwards vs. upwards suction) and at different time scales (seconds vs. hours), both 

methods found that the water absorbance for the control samples was higher than the 

colonized samples over time. 

 

 
Figure 5: Acap values for stone coupons without and with desiccated SAB. The linear 

interpolations of data over the square root of time are done for the first 20 minutes (about 

35 s1/2) as suggested by the UNI EN standard. The data refer to a single experiment considered 

representative of the phenomenon observed. Replicates are reported in supplementary 

materials (Supplementary materials S2).  
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We also investigated the impact of SABs on water evaporation using thermography, which is 

based on the cooling process of water during the liquid-gas phase transition. Moistened 

samples without and with SABs were naturally air-dried at 25 °C and 50% relative humidity. 

The evaporation was monitored for 5 hours, the amount of time when the stone with SABs 

equilibrated with the ambient condition. 

 

 
Figure 6. Representative thermography images of the evaporation of wet stone in ambient 

conditions. The top and bottom stones are the SAB and the control sample under desiccation; 

respectively.  a) visible image; b) evaporation at the saturation condition, T0; c) after 254 

minutes, T254; d) after 280 minutes, T280.  

 

Figure 6 shows the thermal images at different times during the drying process. The image at 

T0 displays the fully moistened samples (saturation condition) and the evaporation that cools 

the surface of both samples homogenously (deep blue). The surface temperature 

homogeneity suggested that fully hydrated SABs do not affect evaporative cooling despite 

being sparsely distributed. This finding could be explained by capillary transport:  water is 

rapidly redistributed throughout the stone porous network while the water content remains 

uniform at the stone surface  

Thus, in moist condition (saturation of the pores), the presence of SABs neither repel water 

nor accelerate evaporation, suggesting that SABs do not completely clog the pores. Notably, 

when the water had evaporated at 254 and 280 minutes, meaning the evaporation had 

ceased, the sample temperature began to rise, indicating a dried surface (light blue). This 

phenomenon was very evident in the control samples, which lead to the conclusion that 

desiccated SABs retard evaporation from the lithic substrate. It seems that a SAB acts as a 

sponge and retains moisture only under critical conditions such as water stress. The SAB’s 

spongy behavior was evident as shown at T280, while the colonized side of the stone was still 
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cold and evaporating (left side), the rest of the side without the biofilm (right side) had started 

to warm up as an indication of a dry condition. 

 

 
Figure 7. Evaporation flux of the limestone coupon without (black line) and with SABs (red 

line). The plateaus on the curves (between 8% and 4 % of water content) are considered the 

mean values of evaporation flux. The data refer to a single experiment considered 

representative of the phenomenon observed. Replicates are reported in supplementary 

materials (Supplementary materials S3).  

 

This important result was corroborated by the evaporation flux measurements using an 

analytical balance as shown in Figure 7. The large plateau in the curves indicated a constant 

evaporation flux that corresponded to the phase where capillary action to the surface was 

more rapid than the evaporation at the surface(that is a gas diffusion process) (Ludwig et al., 

2018; Melada et al., 2020a). The significantly different fluxes (t-test, p ≤ 0.05) between the 

control and the colonized sample—4.01±0.06×10-5 kg m-2 s-1 and 3.78±0.08×10-5 kg m-2 s-1 ± 

0.08×10-5, respectively—indicated that the desiccated SABs reduced the evaporation process. 

This could be attributed to the reduction in the size of superficial pores, exactly where the 

water exchange between the stone and the air takes place.  

The effect of desiccated SABs on the wetting properties of the stone surface—as SABs were 

suspected to alter absorption and evaporation—was investigated using the spilling drop test. 

In fact, this test measured the stone’s diffusion characteristic of liquid water at the surface. 
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The areas with desiccated SABs were precisely identified by UV fluorescence prior to being 

used for the spilling drop tests (Supplementary materials S4). 

 

 
Figure 8. Results from the spilling drop test. The solid and dotted lines represent the evolution 

of the drop in surfaces without (stone) and with desiccated SABs, respectively. The data refer 

to a single experiment considered representative of the phenomenon observed. Replicates 

are reported in supplementary materials (Supplementary materials S5).  

 

Figure 8 shows the increasing area of the water drop on the limestone with and without 

desiccated SABs, where there was a clear difference between the colonized and uncolonized 

areas. In the SAB-free area, the water spread in the limestone and double (+100%) the initial 

drop area after 4 seconds. The presence of desiccated SAB was proven to dramatically reduce 

the water spread over the limestone surface. Considering previous observations on 

evaporation rate, we could not conclude that the presence of the desiccated SAB had 

transformed the stone into a water-repellent surface. Rather, the SAB had retarded the 

penetration of water into the pores, most likely binding the water with a mechanism that is 

faster and more efficient than capillary transport. 

Microbial growth on stones can play an important role in deterioration, yet it can also favor 

protection. Water is known to promote stone weathering, hence, anything that interferes 

with water content could have long-term negative or positive repercussions on the stability 

of the built heritage. In agreement with our results, Coombes and Naylor (2012) observed 
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reduced water absorption and evaporation on field-exposed crusted concrete, while Concha-

Lozano et al. (2012) highlighted a hydraulic conductivity drop of the geomaterial in the 

presence of biofilm matrix. Cutler et al. (2013) showed that in the immediate subsurface, the 

areas with SABs had higher resistivity (meaning lower moisture content) than the ones 

without. Slavík et al. (2017) demonstrated that the sandstone with biologically-initiated rock 

crust had a slower water absorption rate compared to that without the crust. Recently, 

Schröer et al. (2022) reported that stones colonized by a cyanobacterial SAB experienced a 

slight reduction in both the capillary coefficient and the drying rate compared to the 

uncolonized stones. 

Overall, our findings indicated that desiccated SABs had counteracted the moisture variation 

inside the stone by reducing the water input and delaying the water output. McCabe et al. 

(2015) suggested that biofilms trap the moisture inside the stone, making it non-breathable, 

accumulating water at each wetting cycle, and ultimately increasing the risk of weathering. 

However, in presence of desiccated SABs, we observed in our experiments a reduction in 

capillary water absorption rate and in water saturation point. These results, combined with 

the ‘hydrophobization’ of the surface as displayed by the spilling drop test, suggested that 

desiccated SABs delay water absorption. Thus, SABs could act as a protective layer on an 

inclined wall where the rainwater has little time to be absorbed by the stone pores. In 

addition, the constant level of moisture in the stone might prevent water-induced 

deterioration phenomena such as salt weathering, freeze-thaw, and dry-wet cycles. 

Grondona et al. (1997) found that under the biofilm, the humidity was maintained at a 

constant level, therefore, avoiding sandstone surface weathering of uncovered areas. In fact, 

the SAB-covered sandstone did not experience salt crystal formation within the pores. 

Grondona et al. (1997) speculated that the overall stability of water content, due to the 

decrease in the capillary water absorption rate and the reduced water release by SABs, can 

have a protective effect in the field. 

 

3.3. Relative humidity affects SAB rehydration and stone swelling 

Periods of desiccation and rewetting are regular, yet stressful events encountered by SABs on 

stone monuments. To examine the effects of SAB’s recovery after rewetting, desiccated SABs 

were exposed to increasing levels of relative humidity from 25% to 90%. Live cell imaging 

showed that the recovery of both GFP (E. coli) and red chlorophyll fluorescence 
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(Synechocystis) during rewetting was simultaneous that occurred within minutes the relative 

humidity rose above 70% (45 min) (Figure 9a). The red autofluorescence of Synechocystis was 

due to the photosynthetic pigment and was considered an indicator of cell viability because 

related to the integrity of the photosynthetic apparatus (Roldán et al., 2014). GFP provides a 

sensitive, noninvasive marker for cell viability in both bacteria and fungi (Lehtinen et al., 2004; 

Nichols et al., 2018). Thus, the desiccated SABs recover their activities quickly after reaching 

a critical relative humidity. SABs respond quickly and efficiently to hydration by exploiting this 

short window of opportunity to secure the nutrients (Baubin et al., 2022). The water was 

possibly formed, at least partially, by the deliquescence of salts, a process when hygroscopic 

salts absorb ambient water vapor and form a saturated brine. The presence of salts in building 

materials can originate internally or externally, for example, the original geomaterials, an 

uplift of salt water from the ocean, the decomposition of the mineral constituents, and the 

deposition of atmospheric pollutants through the rain (Li and Gu, 2022). Thus, if there were 

deliquescent salts in the stone pores, there would be a chance for the SABs to capture 

ambient water vapor. Davila et al. (2013) observed that the photosynthetic systems of 

cyanobacteria inside the halite crusts of the Atacama desert become active when the relative 

humidity rises above 70% and the salt becomes wet for deliquescent. Li and Gu (2022) 

reported that when the relative humidity exceeds 70%, liquid water with mobility is formed 

within the stone pores, promoting microbial colonization. Gaylarde and Little (2022) reported 

that atmospheric relative humidity above 70% can be sufficient to sustain the photosynthetic 

activity of algae and cyanobacteria in rocks. Similarly, both the cyanobacterium and the 

heterotroph of the desiccated SAB recovered activity with a relative humidity of 70%, similar 

to the deliquescence-based photosynthesis in the aforementioned desert ecosystems.  

The video obtained from CLSM (Supplementary materials S6) shows that the stone 

underneath the SAB was swelling with increasing relative humidity. Using image analysis 

software, we found that the vertical swelling occurred at RH above 70%, while in the presence 

of desiccated SAB, the swelling was reduced to 52.8% (Figure 9b). Thus, the presence of a 

desiccated SAB reduces the hygric expansion of limestone specimens in humid conditions. 
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Figure 9. In panel (a) 3D CLSM images of the SAB during the rewetting experiment. The 

pictures display the recovery of fluorescence of a dual-species SAB during rewetting. The bars 
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in the CLSM images represent 150 µm. The graph in panel (a) reports the stone expansion 

after rewetting in the absence and in presence of a desiccated SAB. 

 

The moisture-driven expansion of a geomaterial is one of the most important factors in stone 

deterioration and this expansion is mostly associated with the swelling of clay minerals. 

Sedimentary stones, such as limestones, usually contain a portion of clay minerals in their 

matrix (Aly et al., 2020). The damage by swelling clays in stones has been recognized as a 

major problem in the conservation of cultural heritage (Elert and Rodriguez-Navarro, 2022). 

The main process of clay swelling is the so-called intracrystalline swelling, which is the 

incorporation of successive water monolayers in the interlayer space of the swelling clays 

(Chen et al., 2022). The water produced by salt deliquescence in the stone pores can swell the 

clays that can irreversibly damage the internal structure of the stone by forming and 

propagating cracks. The deliquescence-induced liquid water is immediately sequestered by 

the desiccated SAB and is then unavailable for the swollen clay minerals. In this way, the SAB 

would have liquid water for photosynthesis and would simultaneously reduce stone 

expansion. After all, the EPM is a hydrogel that will absorb water until the equilibrium swelling 

is reached (Seminara et al., 2012).  

 

Conclusion  

The SABs’ response to drought varies depending on the microbiome’s physiological tolerance 

and metabolic flexibility. In the dual-species SAB, the metabolism shifted to fermentation that 

produces ethanol and organic acids (e.g., acetic, lactic, and formic acids), which might 

facilitate mineral dissolution and stone degradation. However, we do not know if the organic 

acids produced can actually reach the stone surface and dissolve the material. The organic 

acids could possibly be consumed by other components in the SAB community and 

transformed into harmless compounds by microbial metabolisms. The diffusion of organic 

acids through the SAB might also be reduced by the absence of free water and the increased 

viscosity of the eDNA-enriched EPM after the desiccation (Campoccia et al., 2021; Seviour et 

al., 2021). The acids could also be produced in minute quantities as reported by Schröer et al. 

(2020), where the isolates from the SABs taken from the Lede stone in an urban environment 

did not produce a significant amount of acids in the laboratory.   
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It was clear that desiccated SABs affected the flux of water between the substrate and the 

environment, showing a moisture-controlling feature. The SABs keep a constant moisture 

content in the stone, reducing its hydraulic stresses. The measured rate of the water capillary 

action showed that the SABs protect the stone from rapid water absorption, while the 

thermographic survey documented a delay in water evaporation from the stone. Worth 

noting was the observation that the SABs’ moisture-controlling effect is exerted on the whole 

stone coupon, despite the patchy distribution of the biofilms. Thus, we can assume that a 

continuous distribution of SABs over the lithic surface might further exacerbate the 

differences in water-related dynamics between uncolonized and colonized limestones. After 

all, Mottershead et al. (2003) reported a reduction in the sandstone weathering rate where a 

homogeneous distribution of SABs was present. Moreover, the spilling-drop tests indicated a 

reduced wettability of the surface in presence of desiccated SABs, which affect both the water 

absorption and water diffusion rates inside the stone. This is possible by assuming a sort of 

sponge effect by the SABs that retain water in the biofilm-stone system superseding the 

capillary action in the same system. From a conservation perspective, it is important to 

emphasize that—below certain thresholds of water saturation—it is not the water content 

that damages the stone, but rather the dry-wet cycle (Menéndez, 2018). The frequency and 

amplitude of this dry-wet cycle control the efficacy of the decaying processes, which can be 

particularly destructive to building stones that contain swelling-prone clays (Sass and Viles, 

2022). 

Overall, these findings suggested that desiccated SABs undergo substantial structural and 

metabolic reprogramming that modified the stone surface. This interfacial modification of the 

stone acts as a buffering layer that preserves the lithic material from moisture fluctuations. 

Thus, SABs may have a bioprotective effect on water-induced and water-related deterioration 

such as salt weathering, freeze-thaw, mineral dissolution, and dry-wet processes. 
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