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ABSTRACT

Photovoltaic  panels can be colonized by a highly diverse microbial  diversity,  despite life-
threatening conditions. Although they are distributed worldwide, the microorganisms living
on their  surfaces  have  never  been  profiled  or  bioprospecting  in  tropical  regions  from an
ecological point of view. In this work, photovoltaic panels from two cities in southeast Brazil,
Sorocaba  and  Itatiba,  were  investigated  using  culture-independent,  culture-dependent
techniques  and literature  review  to  search  for  preliminary  evidences  of  the  colonization
process and biotecnological potential. Results showed that, despite significant differences in
microbial diversity (p < 0.001), the taxonomic profile was very similar for both photovoltaic
panels,  dominated  mainly  by  Proteobacteria,  Bacteroidota  and  lower  amounts  of
Cyanobacteria  phyla.  A  predominance  of  Hymenobacter and  Methylobacterium-
Methylorubrum was observed at  the genus level.  Moreover, we identified a common core
composed  by Hymenobacter,  Deinococcus,  Sphingomonas,  Methylobacterium-
Methylorubrum, Craurococcus-Caldovatus, Massilia and Noviherbaspirillum sharing genera.
Predicted  metabolisms  focused  on  specific  genes  associated  to  radiation  and  desiccation
resistance,  and  pigments,  were  detected  in  members  of  the  common  core  and  the  most
abundant  genera.  The  photovoltaic  panels  surfaces  displayed  cultivable  and  pigmented
colonies  growing  in  a  wide  range  of  temperatures.  We  identified  the  isolated  strains  as
Arthrobacter  koreensis,  Dermacoccus  nishinomiyaensis,  Gordonia  sp.,  Kocuria  sp.,
Microbacterium  hydrotermale,  Mycolicibacterium  aurum,  Verrucosispora  qiuiae,
Pseudomonas  coleopterorum,  Psychrobacter  sp.,  Serratia  nematodiphila,  Sphingomonas
paucimobilis, Hymenobacter flocculans,  Rhodotorula mucilaginosa,  Rhodotorula sp. In the
literature  documentation,  most  of  these  strains,  or  at  least  their  closest  relatives,  were
described as tolerant or resistant to UV light, desiccative conditions and biofilm capability, all
being  important  adaptation  mechanisms to  thrive  and engage the colonization  process  on
photovoltaic panels surfaces. Moreover, a wide range of biotechnological applications was
discussed, reinforcing the finding that photovoltaic panels are a repository of biotechnological
interest.

Key-words:  Bioprospecting;  Microbial  ecology;  Solar  panel;  Sun-exposed  environment;
Stress-resistant.



RESUMO

Os painéis fotovoltaicos podem ser colonizados por uma alta diversidade microbiana apesar
das condições que ameaçam o desenvolvimento da vida. Embora eles estejam distribuídos ao
redor do mundo, os microrganismos que vivem em sua superfície  são pouco conhecidos em
região  de  clima  tropical.  No  presente  trabalho,  painéis  fotovoltaicos de  duas  regiões  do
sudeste brasileiro, Sorocaba e Itatiba, foram investigados por meio das técnicas independente
e  dependente  de  cultivo  e  revisão  da  literatura  em busca  de  evidências  preliminares  que
suportem  hipóteses  sobre  o  processo  de  colonização  e  potencial  biotecnológico  do
microbioma  residente.  Os  resultados  mostraram que,  apesar  da  diferença  significativa  da
diversidade  microbiana  entre  os  painéis  fotovoltaicos  investigados  (p  <  0.001),  o  perfil
taxonômico  foi  similar,  dominado  pelos  filos  Proteobacteria,  Bacteroidota  e  quantidades
menores  de  Cianobacteria.  Em nível  de  gênero,  foi  observado  uma  predominância  de
Hymenobacter e  Methylobacterium-Methylorubrum.  Além disso, identificou-se um common
core  composto  pelos  gêneros  Hymenobacter,  Deinococcus,  Sphingomonas,
Methylobacterium-Methylorubrum, Craurococcus-Caldovatus,  Massilia, Noviherbaspirillum
e 1174-901-12.  As análises  de predição funcional  revelaram metabolismos  envolvidos em
processos de estresse. Entre eles,  genes relacionados a processos de radiação, dissecação, e
pigmentação  foram  verificados  e  encontrados  nas  amostras. As  amostras  dos  painéis
fotovoltaicos exibiram colônias cultiváveis e pigmentadas que cresceram em uma ampla faixa
de  temperatura.  As  linhagens  isoladas  foram  identificadas  como  Arthrobacter  koreensis,
Dermacoccus nishinomiyaensis,  Gordonia sp.,  Kocuria sp.,  Microbacterium hydrotermale,
Mycolicibacterium  aurum,  Verrucosispora  qiuiae,  Pseudomonas  coleopterorum,
Psychrobacter  sp.,  Serratia  nematodiphila,  Sphingomonas  paucimobilis,  Hymenobacter
flocculans, Rhodotorula mucilaginosa e Rhodotorula sp. Baseado na revisão da literatura foi
possível  verificar  que  a  maioria  desses  isolados,  ou,  pelo  menos,  os  seus  parentes  mais
próximos, foram descritos em relação à tolerância ou resistência à radiação UV, dissecação e
com habilidade de formação de biofilmes, todos sendo mecanismos de adaptação importantes
para iniciar e manter o processo de colonização na superfície de painéis fotovoltaicos. Várias
aplicações biotecnológicas foram discutidas e podem ser aplicáveis por meio da obtenção de
microrganismos  encontrados  nessas  condições,  reforçando  a  ideia  de  que  os  painéis
fotovoltaicos são possíveis repositórios de interesse biotecnológico.

Palavras-chave: Bioprospecção; Ecologia microbiana; Painel solar.
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DISSERTATION OUTLINE

This work is composed by 4 chapters. The content in each of them is as follow:

 Chapter 1: Introduction

 Chapter 2: Extremophilic taxa predominate in a microbial community of photovoltaic

panels in a tropical region 

 Chapter 3:  Biotechnological  potential  of pigmented  microorganisms isolated from

photovoltaic panels surfaces in a tropical region.

 Chapter 4: Conclusion: an overview and future considerations.
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CHAPTER 1

INTRODUCTION

1.1 Context and Motivation

Microorganisms  are  vast  and  diverse  on  planet  Earth  (Locey  and  Lennon  2016).

However most of them, specially  members of Bacteria and Archaea domains,  remain still

unknown (Vitorino and Bessa 2018). This reveals a gap in microbial diversity knowledge and

also  in  unexplored  resources  of  relevant  novel  biotechnological  tools.  Although  the

investigations of microbial diversity have focused on indoor biomes for a long time (Dorado-

Morales et al. 2016), any air-exposed surface on earth is suitable to be covered by microbial

life. Glass surfaces are not an exception. Documentations reporting colonization of different

microorganisms on glass are old (Mellor 1923; Perezy-Jorba et al. 1980; Thorseth et al. 1992)

and  yet  a  field  to  be  explored  in-depth,  because  it  varies  depending  on  the  surrounding

environment.

An example of a outdoor environment built with an intermediated glass material is the

photovoltaic  panels.  Although they are distributed worldwide,  the colonization  process of

microoganisms  living  on  their  surfaces  was  poorly  investigated.  Studies  assessing  the

microbiome of photovoltaic panels revealed that their glass surfaces are rich in pigmented

microorganisms,  similar  to  those found in  irradiated  places,  making  them interesting  and

accessible  sources  of  biotechnological  interest.  Previous  investigation  of  the  colonization

process  of  these  microorganisms  on  such  surfaces  suggested  that  to  thrive,  they  must

overcome the threatening environment by building up tolerance to irradiation and desiccation,

besides the biofilm formation capability, all these being important adaptation mechanisms to

these communities to cope with the environmental condition on photovoltaic panels surfaces

(Dorado-Morales  et al. 2016; Porcar  et al. 2018; Tanner  et al. 2018a; Tanner  et al. 2018b;

Tanner  et  al.  2020).  Despite  of  these  important  findings  and according  to  our  very  best

knowledge, the microbial diversity living on photovoltaic panels surfaces was only widely

looked into Mediterranean and Polar regions, whereas in tropics was not properly explored

yet,  except  for  research  carried  out  in  São  Paulo  that  focused  on  impacts  of  microbial

colonization in the photovoltaic energy yield.
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Furthermore, the presence of cells (or biofilm matrix) and pigments on photovoltaic

panels  surfaces  could lead to  dispersion and absorption of light,  reducing the energy that

reaches the photovoltaic cells, and hence negatively impacting the energy production (Noack-

Schönmann  et al. 2014; Shirakawa  et al. 2015). Additionally,  microbial  biofilm formation

contributes to enhancing the soiling effect (dust accumulation), one of the main concerns in

the power production losses field (Sarver et al. 2013; Noack-Schönmann et al., 2014; Cordero

et al. 2018; Martin-Sanchez et al. 2018; Porcar et al. 2018).

The  knowledge  of  communities  living  on  photovoltaic  panels  surfaces  is  a  very

important  field  to  investigated.  In  the  first  place  this  contributes  to  complementary

documentation of microbial ecology in general, which we know has a large gap to be filled.

To evaluate the microbial ecology of these communities is crucial the understanding of how

this  communities  vary and evolve in many regions,  including tropics  that  is  considered a

hotspot of biodiversity. Moreover, explore their behavior will lead us to find patterns not only

in taxonomic identities, but also in functional characteristics associated with the evolutionary

process, which is deeply related to the intrinsic mechanisms that force the formation of a

native  microbiome,  especially  considering  the  man-made  structures,  a  relatively  recent

biotope. Taking into account the extreme environment that the surfaces of photovoltaic panels

represent, is reasonable to think that the metabolites of the microorganisms living there have

the potential to help us to improve our lives by applying it in the restoration of environments,

measures  of  climate  changes,  food  production,  bio-engineering  of  chemicals  and

pharmaceutical products. Furthermore, this information can drive us to find better sanitizer

alternatives in order to promote a more efficient cleaning process to reduce the impacts of

energy losses caused by microbes colonization.

Our motivation to this work is to contribute,  as complementary information,  to the

efforts that have been done worldwide to provide one more piece in this puzzle and fill a part

of a gap, focusing in tropical regions, by the investigation of Bacteria and Archaea diversity

living  on surfaces  of  photovoltaic  panels  in  two cities  of  southeast  Brazil  using  culture-

independent  and culture-dependent techniques,  bioinformatic approaches,  as well  literature

retrievies to infer about the colonization process and biotechnological potential of microbial

life  that  have  originated  and  evolved  on  artificial  man-made  photovoltaic  panels  glass

surfaces.
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1.2 Objectives

The primary objective of this work was to investigate and compare the bacterial and

archaeal diversity and  explore the biotechnological potential of pigmented microorganisms

living on photovoltaic panel glasses surfaces in two tropical cities in the southeast of Brazil.

To accomplish that, specific tasks were defined as secondary objectives:

 Compare  the  bacterial  and  archaeal  taxonomic  profile  of  the  photovoltaic  panels

investigated;

 Determine the microbial common core between photovoltaic panels investigated;

 Perform prediction of the functional content of microbial  communities,  focusing in

genes related to radiation and desiccation-resistance and pigments production.

 Isolate and identify pigmented microorganisms;

 Search in the literature reports the biotechnological potential of the identified isolates

and their closest relatives;
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CHAPTER 2

Extremophilic taxa predominates in a microbial community of photovoltaic

panels in a tropical region 

ABSTRACT

Photovoltaic  panels can be colonized by a highly diverse microbial  diversity,  despite life-

threatening conditions. Although they are distributed worldwide, the microorganisms living

on  their  surfaces  have  never  been  profiled  in  tropical  regions  using  16S  rRNA  high-

throughput  sequencing and PICRUst metagenome prediction  of functional  content.  In this

work, we investigated photovoltaic panels from two cities in southeast Brazil, Sorocaba and

Itatiba,  using  these  bioinformatics  approach.  Results  showed  that,  despite  significant

differences in microbial diversity (p < 0.001), the taxonomic profile was very similar for both

photovoltaic panels, dominated mainly by Proteobacteria, Bacteroidota, and lower amounts of

Cyanobacteria  phyla.  A  predominance  of  Hymenobacter  and  Methylobacterium-

Methylorubrum  was  observed  at  the  genus  level.  Moreover,  we  identified  a  microbial

common core composed of Hymenobacter, Deinococcus, Sphingomonas, Methylobacterium-

Methylorubrum, Craurococcus-Caldovatus,  Massilia,  Noviherbaspirillum,  and  1174-901-12

sharing genera.  Predicted metabolisms focused on specific genes associated to radiation and

desiccation resistance, and pigments, were detected in members of the common core and the

most  abundant  genera.  Our  results  suggested  that  taxonomic  and  functional  profiles

investigated were consistent with the harsh environment that photovoltaic panel represent and

the microbes living there are a possibly source of metabolites with biotechnological interest.

Keywords: arid  environment;  biofouling;  microbial  diversity;  solar  panel;  sun-exposed

environment; stress-resistance

2.1 Introduction

Microorganisms  are  ubiquitous  and  were  predicted  to  have  upward  of  1012 different

species on planet Earth (Locey and Lennon 2016). However, most of them are still unknown,
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primarily in the Bacteria and Archaea domains, which comprises underexplored microbiota

(Vitorino and Bessa 2018). A gap in the knowledge of microbial diversity implies not only in

poor  taxonomic  documentation  but  also  in  unexplored  and  potentially  relevant  novel

biotechnological tools. Investigations of microbial diversity have focused on indoor biomes so

far, but microorganisms living in extreme outdoor environments are possibly more attractive

according to the viewpoint of the technological resource, due to their higher mutation rate that

makes them a promising resource of new metabolites (Dorado-Morales  et al. 2016; Tanner,

Vilanova and Porcar 2017; Sayed et al. 2020).

An  archetypal  example  of  an  extreme and  artificial  outdoor  environment  is  the

photovoltaic  panel.  This  infra-structural  element  is distributed  worldwide,  forecasted  to

become the most important  electrical energy source in the coming  years, according to the

International  Energy Agency (IEA). This structure is reported to  support a highly diverse

microbial  life  on  its  surface,  despite  life-threatening  conditions  such  as  solar  irradiation,

desiccation, and related thermal fluctuations, besides the desiccative effects (Dorado-Morales

et al. 2016; Porcar et al. 2018; Tanner et al. 2018a).

Previous studies assessing microbiome of the glass surface of photovoltaic panels in the

Arctic and Antarctic (Tanner et al. 2018a), Valencia (Dorado-Morales et al. 2016; Tanner et

al. 2020),  and  Berkeley (Porcar  et  al. 2018),  revealed that  their  microbial  colonization  is

similar,  despite  the  geographical  and  climatic  differences.  These  studies  showed  that

photovoltaic panel  surfaces  are  rich  in pigmented  microorganisms,  with  radiation  and

desiccation  resistance,  making  them  especially  interesting  for  industrial  and  commercial

applications. Carotenoids and scavenger compounds, responsible for pigmentation properties,

have been suggested as one of the strategies attributed to the ability of these microorganisms

to  cope  with  oxidative  species  that  promote  DNA  damage  and  protein  oxidation  in  the

irradiation  and  water  loss  processes  (Qi  et  al.  2019).  These  mechanisms  of  surveillance

proved to be an interesting pathway to search for biocompounds. For example, pigmented

strains screened on surfaces of photovoltaic panels revealed antioxidant activity suggesting

that  microbes  retrieved  from  these  structures  have  the  biotechnological  potential  for

bioproduct prospection (Tanner et al. 2018b).

Additionally, the accumulation of dust and microorganisms, known as soiling, negatively

affected the efficiency of photovoltaic  panels in São Paulo city  (Brazil).  Shirakawa  et al.

(2015)  reported  a  decrease  in  power  production  by  11%  after  18  months  in  Brazil.  In
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environments where the soiling process is more intense, such as in desert conditions, losses

can reach 39% (Cordero et al. 2018). In an even worse scenario where there are dust storms,

reductions in energy yield could be greater than 50%  (Adinoyi and Said 2013).

Thus,  the  knowledge  of  communities  living  on  photovoltaic  panels  and  their

colonization  process  is  a  very  important  field  to  be  investigated  in-depth  worldwide,

especially in the tropics, which has been frequently reported as a hot spot for biodiversity

(Pereira  2016;  Vitorino  and Bessa  2018).   However,  such information  was  only  broadly

investigated in the Mediterranean and, to a less extent, polar climates. In tropical regions, the

microbial  community on photovoltaic panels has not yet been investigated,  except for the

study  carried  out  in  São  Paulo  that  aimed  to  clarify  the  impacts  of  soiling  to  reduce

photovoltaic panel energy efficiency (Shirakawa et al. 2015).

Therefore, as a complementary contribution to the efforts made worldwide, specifically

those focusing on tropical regions, we investigated the Bacteria and Archaea diversity of the

photovoltaic  panel  glasses  surfaces  in  two  tropical  cities  in  the  southeast  of  Brazil.

Accordingly  to  the  best  of  our  knowledge,  this  is  the  first  report  that  aimed  to  provide

complementary data in taxonomic documentation of photovoltaic panels in Brazilian tropical

regions  through  high-throughput  sequencing  of  gene  16S  rRNA  and  also  predicts the

functional profile associated with these microorganisms.

2.2 Material and methods

2.2.1 Sampling

Sampling was carried out in winter (June 2020) from 2 photovoltaic panels located in

southeast Brazil: Sorocaba (-23º28’55”, -47º22’19.9”) and Itatiba (-22º59’36.3”, -46º50’48”).

Seven photovoltaic modules from Sorocaba (PSR) and four from Itatiba (PSI) were sampled,

based on the method used by Dorado-Morales et al. (2016) and Porcar et al. (2018) including

some modifications. The surfaces of photovoltaic panels were scrubbed with gauze bandage

soaked in sterile phosphate-buffered saline (PBS) (LGC biotecnologia, Brazil)  (10 X, pH =

7.2) diluted 10% (v/v). The dust  collected was transferred into a glass flask containing 150

mL of  sterile  PBS and immediately transported  to  the  laboratory.  The  glass  flasks  were

shaken at 180 rpm for 10 minutes. The slurry obtained was transferred into 50 mL sterile

polypropylene conical tubes and centrifuged at 5000 rpm for 3 minutes. The glass flasks were

washed 10x with PBS and centrifuged again in  order  to  optimize  the biological  material
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recovery from gauze bandage. The pellets were stored at -20 ºC for taxonomic identification

by 16S rRNA sequencing.

 Climatological data (from June 2020) were recorded daily from the National Institute of

Meteorology (INMET) network of monitoring stations. The mean temperature was 19ºC and

the average relative humidity was 72% in both cities. The solar irradiance was 311.5 W.m-2

PSR  and  267.0  W.m-2 PSI,  and  mean  precipitation  levels  were  0.05  mm  and  0.1  mm,

respectively. The average temperature of the photovoltaic panels during the sampling process

was 43 ºC PSR and 21 ºC PSI.  Concerning the installation time and cleanliness  of these

photovoltaic panels, the PSR have been in operation for 2 years and have never been cleaned.

The PSI were installed 1 year from the sampling day and were cleaned 6 months before the

collection.

2.2.2 DNA isolation and 16S rRNA sequencing

The genomic DNA was extracted from pellets  obtained  in the sampling step using the

PowerSoil®  DNA  isolation  kit  (MOBIO  Laboratories,  Carlsbad,  USA),  following  the

instructions of the manufacturer, with a final elution volume of 50 μL. Three replicates were

sequenced  for  each  photovoltaic  panel  sample  (pellets),  yielding  a  total  of  6  sequencing

datasets.  The quality  of  the  extracted  DNA was  analyzed  by electrophoresis  on a  0.8  %

agarose gel. Extracted DNA was stored at -20 ºC until required for 16S rRNA sequencing.

The  16S  rRNA  sequencing  was  performed  using  Illumina  MiSeq  platform;  2x250bp.

Degeneracy  primers  515FB  (5’GTGYCAGCMGCCGCGGTAA3’)  and  806RB

(5’GGACTACNVGGGTWTCTAAT3’)  were  used  for  targeting  Bacteria  and  Archaea

domains (Parada et al. 2016; Apprill et al. 2015).

2.2.3 Bioinformatics and statistical analysis 

 The quality control of the raw data was performed using FASTQC v.011.5  (Andrews

2010). Low-quality sequences (Phred score ≤ 30) and read lengths smaller than 100 bp were

trimmed  using  Trimmomatic  v.0.39  (Bolger,  Lohse  and  Usadel  2014).  Complementary

bioinformatic  analysis  were  carried  out  by  Quantitative  Insights  Into  Microbial  Ecology

(QIIME 2, version 2019.4) (Bolyen et al. 2019). The ‘cutadapt’ plugin was used for trimming

primers (Martin 2011). QIIME 2 plugin tool was used to import quality read filters, as an

“artifact” file.  Afterwards, the artifact files were quality-checked (denoising), the chimera
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was  removed  and  clustered  into  representative  sequences,  Amplicon  Sequence  Variants

(ASVs), using the “dada2” plugin (Callahan et al. 2016). The ASVs were aligned with maffit

(Katoh et al. 2002) and used for phylogenetic reconstruction with fasttree2 (Price, Dehal and

Arkin  2010).  The  taxonomic  assignment  of  ASVs  was  implemented  using  a  q2-feature-

classifier plugin (Bokulich  et al. 2018) and classify-consensus-vsearch (Rognes et al. 2016)

against SILVA ribosomal RNA gene database version 132. (Quast et al. 2013).

The  functional  profiles  were  predicted  using  the  Phylogenetic  Investigation  of

Communities of Unobserved States (PICRUSt2) software (Douglas  et al. 2019). PiCRUSt2

can infer metagenome functional  content from 16S rRNA gene sequencing data using the

output ASV table from taxonomic analysis as input into the PICRUSt2 QIIME2 plugin. The

prediction results were obtained from PICRUst2 output against the KEGG ortholog database

(Kanehisa  et  al. 2016) to  reconstruct  metabolic  pathways.  The STAMP software package

(v2.1.3) (Parks et al. 2014)  was used to analyze metabolic profiles. The functional data that

were  poor  or  unspecific  were  eliminated  from  the  analysis  and  used  only  to  calculate

frequency profiles. The comparison of the functional profile between the PSR and PSI was

performed  with  a  two-sided  Welch’s  t-test  combined  with  Welch’s  inverted  method  for

confidence intervals (nominal coverage 95%). Furthermore, a false-discovery-rate (FDR) was

applied as a multiple test correction. The data was graphically expressed in an extended error

bar  plot,  where different  functional  profiles  (KEGG level  2) were clustered by similarity.

Moreover, specific KEGGs records, related to radiation-resistance, desiccation-resistance and

pigments (carotenoids and flavonoids) were selected to track the functional profile previously

reported in photovoltaic panel communities (Dorado-Morales et al. 2016; Porcar et al. 2018).

The R statistical environment was used for statistical analysis and graphic preparation from

taxonomic and prediction of functional profile data associated with taxonomy. The taxonomic

data were imported as a phyloseq object (phyloseq software) (McMurdie and Holmes 2013).

Our work was limited to archaea and bacterial classification, therefore to avoid problems with

misclassification of mitochondrial and chloroplast ribosomal amplification from eukaryotes,

these sequences were removed (Escobar-Zepeda et al. 2018). To check the reproducibility of

the  3  replicates,  a  scatter-plot  visualization  was  used  in  which  specific  thresholds  were

defined.  For  this  procedure,  biological  information  with  low  abundance  and  low

reproducibility was removed. Then, the replicates were combined using the geometric mean

and shown in a rarefaction curve. Alpha diversity was described using Chao1, Simpson and
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Shannon  index,  coverage  and  observed  species.  To  evaluate  dissimilarities  between  the

samples  (PSR  and  PSI),  beta  diversity  was  performed  by  Principal  Coordinate  Analysis

(PCoA)  using  Bray-Curtis  metric,  based  on  abundance  species.  As  complementary

information to PCoA, the ANOSIM test, an analysis of similarity, was applied to determine if

the differences among samples was significant. For this purpose, the Bray-Curtis similarity

index was used as a metric based on the abundance of ASVs (Clarke and Gorley 2006). The

taxonomic information was analyzed using the DESeq2 package for differential abundance

comparisons.  The  common  core was  constructed  using  the  Venn  diagram  package  and

overlapping  by  ASVs  and  genera.  Sequencing  reads  were  deposited  in  the  European

Nucleotide Archive (ENA) under project number PRJEB43933.

2.3 Results 

Two samples (PSR and PSI) with 3 technical replicates for each of them were sequenced,

yielding 6 datasets. Rarefaction curves, with 99% of similarity, showed that the depth of the

samples was sufficient for assessing the microbial diversity accordingly to our objective, thus

enabling us to proceed with our designed workflow. The richness estimator (Chao1) shows a

higher  value for PSR (50.7 ± 11.1)  than the PSI (19.0 ± 5.0) sample.  Observed richness

showed similar values, indicating that the sample coverage observed on the rarefaction curve

was effective (Fig. S1, supporting information).

 To  allow  inferences  about  compositional  similarities  between  the  samples  and  their

replicates (reproducibility), the PCoA was applied using the Bray-Curtis distance. The points

of 3 replicates of each sample were grouped, indicating a high correlation between replicates.

Additionally, the samples were relatively ungrouped, indicating lower correlations between

samples than replicates (Fig. 1). An analysis of similarities (ANOSIM) showed that inter-

group differences (samples) were greater than the intra-group differences (replicates) (R = 1,

p = 0.1) and the composition differences between samples were not significant (p > 0.05).

Regarding the microbial diversity index between the samples, differences were detected

between the PSR and PSI in the Shannon index (1.971 ± 0.08 for PSR versus 0.925 ± 0.056

for PSI) and the Simpson index (0.72 ± 0.018 for PSR versus 0.455 ± 0.022 for PSI). The

results demonstrated that the differences inferred were strongly significant (p < 0.001), thus

the microbial diversity in PSR was greater when compared to PSI.  
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Figure 1. Principal Coordinate Analysis (PCoA) of beta diversity using a Bray-Curtis metric

derived from microbial communities of photovoltaic panels (PSR and PSI) and their technical

replicates. The orange, blue and green dots (PSI_1, PSI_2, PSI_3) refer to the photovoltaic

panels  from Itatiba  and their  replicates.  The purple,  aqua and pink dots  (PSR_1,  PSR_2,

PSR_3) are representative of solar panels from Sorocaba and their replicates.

Taxonomic  analyses  revealed  that all sequences  were  dominated  by  the  Bacteria

domain (100%). In the case of the PSI sample, the predominant phyla were  Proteobacteria

(78.7%), Bacteroidota (20.4%), and less frequently, Cyanobacteria (0.6%) and Deinococcota

(0.2%).  While  for  the  PSR sample,  the  predominant  phyla  were  Proteobacteria (56.6%),

Bacteroidota (35.8%), and less frequently,  Cyanobacteria (4.2%),  Actinobacteriota (2.1%),

Firmicutes (0.5%), Gemmatimonadota (0.4%) and Deinococcota (0.1%) (Fig. 2A).

At a genus level, the PSI and PSR samples were dominated by  Methylobacterium-

Methylorubrum (77.6% and  45.8%,  respectively)  and  Hymenobacter (20.3%  and  34.5%,

respectively)  (Fig.  2B).  Methylobacterium-Methylorubrum and  Hymenobacter (ASV_84d0)
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were  statistically  different  in  abundance  and  more  present  in  PSI,  while  Hymenobacter

(ASV_b846  and  ASV_7eaf)  were  more  frequently  present  in  PSR  samples  (Fig.  S2,

supporting  information).  These  two  main  genera  identified  in  the  PSI  and  PSR samples

represent  99.1%  and  92.4%,  respectively,  of  total  microbial  diversity  observed  in  this

investigation.  Comparatively,  Acidiphilium,  Chroococcidiopsis,  Sphingomonas,

Amnibacterium, Candidatus Uzinura, Fibrella and Craurococcus-Caldovatus were identified

in lower proportions (Fig. 2B) and were significant associated with PSR samples (Fig. S2,

supporting information).

Figure 2. Taxonomic diversity of photovoltaic panel (PSR and PSI) samples analyzed by 16S

rRNA gene sequencing and visualized by relative abundance (%) histograms:  (A) phylum

level, (B) genus level.

A
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The microbial common core between the PSR and PSI photovoltaic panels comprise mainly

Hymenobacter,  Deinococcus,  Sphingomonas,  Methylobacterium-Methylorubrum,

Craurococcus-Caldovatus,  Massilia,  Noviherbaspirillum  and  1174-901-12  (uncultured

bacteria) genera (Fig. S3, supporting information).

The results of the analysis of taxonomic information with DESeq2 showed that a total

of 30 out of 96 ASVs were statistically different (Fig. S2, supporting information). Except for

Hymenobacter (ASV_84d0)  and  Methylobacterium-Methylorubrum,  all  genera  were  more

associated with PSR compared to PSI.    

The bioinformatics workflow used to predict the functional composition from the 16S

rRNA  gene  using  PICRUSt2  software  associated  with  the  STAMP  software  processing

revealed  that  the  metabolic  activities  of  PSR and  PSI  were  associated  between  them  in

general,  according  to  the  PCA  analysis  (Fig.  3B)  which  showed  that  relative  distances

between the samples were very close to 0. The protein families responsible for signaling, the

cellular process and genetic information processing were the most abundant profile in both

B
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samples, followed by carbohydrate, protein and amino acid metabolism (Fig. 3A). Among the

predicted proteins,  we  found  some  of  those  involved  in  stress  response  related  to  DNA

damage (OxyR, recA, uvrA, uvrB, gyrA, gyrB, dps2), amino acid transport and metabolism

(hisH,  hisB,  hisD,  hisC,  hisZ),   proteases  with  chaperones  and folding  catalysts  function

(HflB, HsIU) and universal stress protein (YdaA) (Fig. 4, Fig. S4, supporting information). 

Figure 3. PICRUSt analysis to predict metagenome functional profile from 16S rRNA marker

gene using STAMP software for data visualization. (A) General metabolic activities between

predicted function profile of PSI and PSR samples, (B) Principal Component Analysis (PCA)

between PSI and PSR predicted profile.

A
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Aminoacid transport and metabolism, DNA-damage related genes, proteases, riboflavin and

superoxido  dismutase  activities  were  more  present  in  PSR.  Furthermore,  carotenoid

biosynthesis, catalase activity, inorganic ion transport were predicted to be more influenced

by PSI (Fig. 4). 

Figure  4. Metabolic  activities  associated  with  specific  KEGG pathways  related  to  stress

resistance (radiation, desiccation and pigments) in PSR and PSI samples.

B
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Among  the  10  most  abundant  genera  and  members  of  the  common  core,

Methylobacterium-Methylorubrum  and Hymenobacter  were  mainly  involved  in  all

metabolisms related to stress resistance (Fig. 5).

Figure  5.  Metabolic  activities  from specific  KEGG pathways  related  to  stress  resistance

associated with the 10 most abundant genera and members of common core. 

2.4 Discussion

Our results showed that bacterial diversity was significantly greater in the PSR than the

PSI (p < 0.001). Concerning this difference, we propose some arguments and considerations:

i) the geographic coordinates between both cities are quite similar (Itatiba is less than one

degree south from Sorocaba). They have similar climates and annual doses of solar irradiance.
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This suggests that the meteorological and geographic coordinates (latitude and longitude) of

sampling have an insignificant  or low impact  on the difference of microbial  diversity;  ii)

another point concerns cleaning, the PSI was washed in water only 6 months before sampling,

while the PSR was not washed for about 2 years, except  in rainfall.  Tanner et  al.  (2020)

showed that biofilm formed on photovoltaic panels surfaces cannot be destroyed by either

rainfall  or  water  cleaning  and  the  process  did  not  affect  the  taxonomic  terms  analyzed.

Rainfalls  are  only able  to remove large particles  and have no effect  on attached biofilms

(Appels et al. 2013; Shirakawa et al. 2015); iii) another factor that might influence the overall

microbial  diversity  is  the  seasonal  behavior,  in  which  bacterial  diversity  on  photovoltaic

panels decreases during the autumn and winter periods compared to the summer and spring

months (Tanner et al. 2020); iv) another possible factor is the operation time. The PSR was

installed 1 year before the PSI,  however the time of exposition,  as a unique and isolated

factor,  seems to not strongly influence the final microbial  community because the biofilm

formation  occurs  rapidly  after  the  attachment  of  resistant  microorganisms  (Tanner  et  al.

2020);  finally  v)  the  surroundings of  the  environment  in  which photovoltaic  panels  were

sampled  was  also  a  variable.  The  PSR  sample  was  collected  in  a  rural  environment,

surrounded by dust, trees, and wildlife  while the PSI sample was carried out in an urban

environment,  surrounded  by  houses  and  other  constructions.  Anthropogenic  changes  and

reduced forest areas have caused the reduction of contact between natural biodiversity and the

urban environment. Owing to this, natural biodiversity tends to be low in urban areas (Chapin

et al. 2000; Parajuli et al. 2018). Considering these arguments, it is reasonable to hypothesize

that the environmental characteristics in the surroundings (where the photovoltaic panel was

installed) may explain the difference between the reported microbial diversity, although it is

likely that there is more than one factor behind this effect.  

Despite  the  microbial  diversity  significant  differences  (p <  0.001),  PCoA  and

ANOSIM  showed  that  in  compositional  terms,  PSR  and  PSI  were  similar  (p  >  0.005).

Taxonomic  analysis  showed  that  PSR|  and  PSI  shared  the  same  most  abundant  phyla

(Proteobacteria, Bacteroidota and Cyanobacteria), which represents almost all  the bacterial

diversity observed. A previous study of soil in extreme environments (desert and Antarctic

peninsula)  showed  that  bacterial  communities  were  dominated  by  Proteobacteria,

Bacteroidota,  Firmicutes,  and  Actinobacteriota (An  et  al. 2013;  Gaete,  Mandakovic  and

González 2020). Cyanobacteria phyla is often associated with extremophilic microorganisms
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with radiation and desiccation resistance (Varshney et al. 2015). The characteristics of mainly

phyla, detected in this study, suggests that the bacterial community of photovoltaic panels in

tropical weather might be shaped by the environmental condition based on solar radiation and

desiccation conditions.

At genus level, we observed a clear dominance of Methylobacterium-Methylorubrum

(Proteobacteria)  and  Hymenobacter (Proteobacteria)  in  both  samples.  Methylobacterium-

Methylorubrum, phylogenetic related to Methylobacterium (Green and Ardley 2018), was also

reported (to a less extent) in the photovoltaic panels from polar regions (0.53% and 0.48%,

Arctic and Antarctic, respectively) (Tanner et al., 2017), Valencia (0.57%) (Dorado-Morales

et al. 2016), and Berkeley (Porcar et al. 2018). Moreover, Porcar et al. (2018) showed that the

Methylobacterium  genus  had  a  high  desiccation-resistance  and  ability  to  colonize  glass

surfaces. Furthermore,  Methylobacterium can adhere, form biofilm and tolerate low nutrient

conditions  (Yano  et  al. 2013).  All  these properties  are  consistent  with photovoltaic  panel

surface  conditions.  Hymenobacter, whose  radiation-resistant  properties  were  previously

reported (Dai et al. 2009; Sedláček et al. 2019; Maeng, Kim and Subramani 2020), was also

dominant in the photovoltaic panels from Valencia (8.64%) (Dorado-Morales  et al. 2016),

polar regions (1.23% and 7.6%, Arctic and Antarctic, respectively) (Tanner et al. 2018a) and

Berkeley (19.7%) (Porcar  et al. 2018). After 18 months, the biofilm composition analyzed

from photovoltaic panels in Brazil  showed that only  Methylobacterium and  Hymenobacter

remained in the bacterial community (Shirakawa et al. 2015). 

Among the genera in lower proportions of presence, Acidiphilium (Beblo-Vranesevic et al.

2018),  Chroococcidiopsis (Billi  et al. 2000) and  Sphingomonas (Marizcurrena  et al. 2019)

were found to have radiation and desiccation resistance. Amnibacterium, Candidatus Uzinura,

Fibrella and Craurococcus-Caldovatus were not related to these properties. Despite the harsh

conditions,  microorganisms  not  known to  be resistant  are  expected  to  be  found in  lower

amounts,  supported and protected by biofilm formation.  For example,  Paulino-Lima et  al.

(2016)  observed  that  Geodermathophilus  sp.,  aggregated  by  fibrous  material  involved  in

biofilm formation,  was more resistant to UV radiation than  Hymenobacter sp.  which was

distributed  in  individual  structures,  suggesting  that  cell  aggregation  attenuated  the  UV

transmission.  In  the  biofilm formed on photovoltaic  panels,  taxa  capable  of  withstanding

extreme conditions, tend to grow over time, while those that are not resistant, tend to decrease
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(Tanner et al. 2020). This might explain the predominance of extremophilic taxa concerning

non-extremophilic.

Among the members of the microbial common core between PSR and PSI,  Deinococcus

genus,  which  includes  several  extremophilic  species,  showed a  minor  abundance  in  both

samples (PSR and PSI) compared to other genera.  The explanation to this might be in the

ecological  distribution  observed  in  the  Deinococcus genera  species  (Deinococcus

radiodurans) as it looks as though Deinococcus makes an effort in the survival efficiency at

the expense of reproduction (Krisko and Radman 2013). Dorado-Morales et al. (2016) found

that the microbial common core in the photovoltaic panels of Valencia was mainly composed

by Deinococcus, Sphingomonas, Novosphingobium, and Hymenobacter genera. This common

core  proved  to  be  similar  with  PSR  and  PSI  specifically  concerning  Deinococcus,

Sphingomonas  and Hymenobacter  genera  occurrence.  These  genera  were  all  previously

described to have UV radiation-resistance properties (Dai  et al. 2009; Etemadifar, Gholami

and  Derikvand  2016;  Marizcurrena  et  al. 2019).  The  genus 1174-901-12 related  to

Beijerinckiaceae  and  Sphingomonas  were  the  most  common  in  the  early  steps  of  tile

colonization, suggesting a role of these strains in the initial biofilm formation (Romani et al.

2019).

Despite some differences, the main taxa detected in this work proved to be consistent with

those detected on photovoltaic panels surfaces previously reported in the Mediterranean and

polar conditions (Dorado-Morales et al. 2016; Porcar et al. 2018; Tanner et al. 2018a, 2020).

More recently, Tanner et al. (2020) showed that after 2 years the extremophilic taxa adapted

to resisting harsh desiccation and radiation environments, in the final ecological succession

step,  were  naturally  selected  as  preferential  colonizers  of  the  photovoltaic  panel  surface

leading to the inference of their stable community throughout time. 

 Among the identified proteins to predict metagenome functional content, we found some

of those involved in stress response related to DNA damage (OxyR, recA, uvrA, uvrB, gyrA,

gyrB, dps2), amino acid transport and metabolism (hisH, hisB, hisD, hisC, hisZ),  proteases

with  chaperones  and  folding  catalyst  function  (HflB,  HsIU)  and  universal  stress  protein

(YdaA) (Fig. 4). This is consistent with extremophilic mechanisms to prevent DNA damage

(Krisko  and  Radman  2013).  Amino  acid  transport  and  metabolism,  including  ABC

transporters (membrane transport), also present in the predicted profile, have been suggested

to have a role in radiation-resistance, acting as reactive oxygen species scavenger (Daly et al.



28
2007, 2010; Krisko and Radman 2013). It was previously observed that the irradiation process

could lead to an increasing in proteolytic  activity,  a process that is typically catalyzed by

proteases, enzymes that break the peptide bonds in proteins, indicating that proteases play a

role in radiation-resistance (Daly et al. 2010). 

 In general, metabolisms of specific KEGG Orthology related to stress resistance (Fig.

S4, supporting information) were found in the 10 most abundant genera and members of the

common core (Fig.  5).  Stress  metabolisms  were more associated  with  Hymenobacter and

Methylobaterium-methylorubrum,  which  was  consistent  with  their  abundance in both

samples. This interlocks with the observation that Hymenobacter and Methylobacterium were

reported to compose other photovoltaic panel microbial communities around the world.

In the viewpoint of biotechnological potential, the presence of metabolites related to

stress resistance in the predicted data indicate that the microbial community investigated are

possibly a supply of desired products. For example, ABC transporters, present in amino acid

transport  and  metabolism  category,  have  been  suggested  as  attractive  genes  in  plant

biotechnology field (Lane et al. 2016). Carotenoids pigments has been highlighted as a focus

of research in bioprospection (Mendes-Silva  et al.  2020) and DNA damage proteins have

been described with remarkable significance in therapeutic applications against cancer, acting

as sensor proteins in the detection of DNA damage (Fernandes, Shah and Khattar et al. 2021).

This is the first report of microbial diversity of photovoltaic panels in a tropical region

considering an ecological and biotechnological perspective. Our data showed that taxonomic

analysis and predicted metabolic information were appropriated with the harsh environment

on the surfaces of photovoltaic panels. Although our results provided only partial information

of microbial ecology, the similarity observed in investigated communities indicates that might

exist an ecological succession in the dynamic of microbial diversity on photovoltaic panels

surfaces in a tropical region, primarily based on microorganisms adapted to the sun-exposed

environment. Furthermore, the prediction of specific genes involved in metabolisms of stress

resistance  was  a  shred  of  preliminary  evidence  that  photovoltaic  panels  in  tropical

environments  might  be  a  repository  of  specialized  microbes  that  represent  a  source  of

biotechnological interest providing access to relevant metabolites, such as proteins, enzymes,

and other molecules.
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2.6 Supplementary data

Supplementary Figure S1.  Rarefaction curve of alpha diversity richness analysis (chao1)

showing that the depth of 16rRNA sequencing was enough to reach total microbial diversity

of photovoltaic panels from Itatiba (PSI) and Sorocaba (PSR). 
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Supplementary Figure S2. DESEq2 analysis of fold-change bacterial genera between PSR 

and PSI communities (p < 0.005).



36
Supplementary Figure S3. Venn diagram showing the exclusive and shared ASVs from 

photovoltaic panels (PSR and PSI).
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Supplementary Figure S4. The specific KO functional orthologs and KEGG pathways used 

to search for genes related to radiation, desiccation and pigments in PICRUSt predicted data. 

Bold rows represent KOs found in the PICRUst prediction.

KO Gene Metabolic activity Stress 
K12347 nramp Inorganic ion transport Radiation
K04761 OxyR Catalase activity Radiation
K03742 cinA DNA damage-related genes Radiation
K22503 dps1 DNA damage-related genes Radiation
K03553 recA DNA damage-related genes Radiation
K03701 uvrA DNA damage-related genes Radiation
K03702 uvrB DNA damage-related genes Radiation
K02469 gyrA DNA damage-related genes Radiation
K02470 gyrB DNA damage-related genes Radiation
K03781 katE Catalase activity Radiation
K05793 terB Catalase activity Radiation
K05791 terZ Catalase activity Radiation
K07304 msrA Catalase activity Radiation
K04047 dps2 DNA damage-related genes Radiation
K03584 recO DNA damage-related genes Radiation
K04564 sodA Superoxido dismutase Radiation
K02501 hisH Amino acid transport and metabolism Desiccation
K01089 hisB Amino acid transport and metabolism Desiccation
K00013 hisD Amino acid transport and metabolism Desiccation
K00817 hisC Amino acid transport and metabolism Desiccation
K02502 hisZ Amino acid transport and metabolism Desiccation
K04043 dnaK Molecular chaperone Desiccation
K01546 kdpA Inorganic ion transport Desiccation
K01547 kdpB Inorganic ion transport Desiccation
K01548 kdpC Inorganic ion transport Desiccation
K04077 GroEL Molecular chaperones Desiccation
K04080 IbpA Molecular chaperones Desiccation
K03798 HflB Proteases Desiccation
K03667 HslU Proteases Desiccation
K14055 YdaA Universal stress protein Desiccation
K06443 crtY Carotenoid biosynthesis Pigment
K02292 crtO Carotenoid biosynthesis Pigment
K10027 crtI Carotenoid biosynthesis Pigment
K15746 crtZ Carotenoid biosynthesis Pigment
K00514 crtQ Carotenoid biosynthesis Pigment
K02291 crtB Carotenoid biosynthesis Pigment
K02293 crtP Carotenoid biosynthesis Pigment
K02294 crtR Carotenoid biosynthesis Pigment
K09835 crtH Carotenoid biosynthesis Pigment
K09836 crtW Carotenoid biosynthesis Pigment
K09844 crtC Carotenoid biosynthesis Pigment
K09845 crtD Carotenoid biosynthesis Pigment
K09846 crtF Carotenoid biosynthesis Pigment
K09879 crtU Carotenoid biosynthesis Pigment
K14605 cruA Carotenoid biosynthesis Pigment
K14606 cruP Carotenoid biosynthesis Pigment
K00793 ribE Riboflavin metabolism Pigment
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CHAPTER 3

 Biotechnological potential of pigmented microorganisms isolated from

photovoltaic panels surfaces in a tropical region

ABSTRACT

Photovoltaic  panels  have  been  studied  as  outdoor  surfaces  capable  to  harbor  specialized

microbial communities with pigmented microorganisms association. Pigmentation is one of

the microbial strategies to overcome a stressor environment, but is also a biological tool that

brings commercial interest in many areas, such as pigment or antioxidant industries. In this

work,  we  have  investigated  the  pigmented  microorganisms  living  on  the  surfaces  of

photovoltaic  panels  in  a  tropical  region  using  Sanger  sequencing  approach,  phylogenetic

correlations and previous knowledge of literature to understand the biotechnological potential

of  the  isolated  strains  and also to  have  a  preliminary  and complementary  information  of

colonization  process  of  this  communities  in  association  with  the  culture-independent

technique  previously  employed.  The  samples  retrieved  from photovoltaic  panels  surfaces

displayed cultivable and pigmented colonies growing in a wide range of temperatures. We

identified  the  isolated  strains  as  Hymenobacter  flocculans,  Sphingomonas  paucimobilis,

Mycolicibacterium aurum,  Serratia nematodiphila,  Arthrobacter koreensis, Microbacterium

hydrotermale,  Rhodotorula  mucilaginosa, Gordonia  sp.,  Verrucosispora  qiuiae,

Dermacoccus  nishinomiyaensis,  Kocuria  sp., Psychrobacter  sp., Pseudomonas

coleopterorum,  Rhodotorula sp. In the literature documentation, most of these strains, or at

least  their  closest  relatives,  was described as tolerant  or resistant  to UV light,  desiccative

conditions and biofilm capability, all being important adaptation mechanisms to thrive and

engage  the  colonization  process  on  photovoltaic  panels  surfaces.  Moreover,  many

biotechnological applications was discussed, reinforcing the finding that photovoltaic panels

are a repository of biotechnological interest.

Keywords: biosprospecting; microbial ecology; solar panel.
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3.1 Introduction

Biotechnology has been contributed to environmental and economic benefits, offering the

possibility  to industrial  transformations  to  become more  compatible  with  the  biosphere

(Gavrilescu and Chisti 2005). In this context, biological agents are suitable alternatives for the

chemical industry. Microbial diversity living in an extreme environment, capable to succeed

in habitats that is intolerably or even lethal for most terrestrial life, has been proved to be an

attractive source of useful biological molecules with a wide commercial applications (Tanner,

Vilanova and Porcar 2017; Sayed et al. 2020). 

Microorganisms  exposed  to  solar  radiation  are  constantly  threatened  by  oxidation

processes that lead to direct or indirect DNA damage intermediated by either UV-light or

reactive molecules capable to turn important biomolecules into dysfunctional (Qi et al. 2019).

In order to thrive in such stress conditions,  these microorganisms manufacture specialized

metabolites as molecular and cellular strategies for surveillance, being a result of adaptation

and  evolutionary  process  (Rothschild  and  Mancinelli  2001;  Rampelotto  2013).  This

machinery includes an efficient mechanism of DNA repair and protection against oxidative

stress. For this, multiple antioxidant systems capable to scavenger oxidative species that cause

cell  damage,  especially to proteins, is very important  (Krisko and Radman 2013; Rastogi,

Sonani  and  Madamwar  2015;  Paulino-Lima  et  al. 2016).  Carotenoids  and  scavenger

compounds, responsible for pigmentation properties, are one of the strategies that can help

microorganisms overcome DNA damage and protein oxidation caused by direct and indirect

UV radiation products (Tian et al. 2009; Qi et al. 2019). For example, cells recovered from

icy,  dry,  and  irradiated  environments  have  a  high  frequency  of  pigmented  phenotype,

suggesting that pigmentation play a role in cope with the stress associated with water loss,

cryopreservation,  oxidative  stress  and  DNA  damage,  increasing  microbial  resistance  to

environmental  stressors  (Dieser,  Greenwood  and  Foreman  2010;  Ragon  et  al. 2011;

Etemadifar, Gholami and Derikvand 2016). 

Photovoltaic panels have been reported to harbor an adapted microbial diversity similar

to those found in irradiated or sun-exposed places. (Dorado-Morales et al. 2016; Porcar et al.

2018; Tanner et al. 2018a). Moreover, the surface of these structures was previously screened

for pigmented bacteria with antioxidant activity, suggesting that the strains living there have

potential biotechnological applications  (Tanner et al. 2018b). Even so, the potential of these

strains  in  a  tropical  climate  have  never  been  studied  either  concerning  an  ecology  or
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biotechnological point of view. In this work, we aimed to retrieve pigmented microorganisms

from photovoltaic panels surfaces and identified them through Sanger sequencing to check

their identities using phylogenetic correlations. We also investigated, in the literature reports,

their  biotechnological  potential,  as  well  adaptation  characteristics  that  could  contribute  to

formulating a hypothesis about their colonization process as a complementary approach to the

culture-independent technique.

3.2 Material and methods

3.2.1 Sampling

Samples were collected from two photovoltaic panels in southeast Brazil: Sorocaba (-

23º28’55” S, -47º22’19.9” W) and Itatiba (-22º59’36.3” S, -46º50’48” W), counting seven

photovoltaic modules in Sorocaba (PSR) and four in Itatiba (PSI). The photovoltaic panel

from Soracaba has  been in  operation for  2 years  and has never  been cleaned.  Regarding

photovoltaic panel from Itatiba, it was installed 1 year from the sampling day and was cleaned

6  months  before  the  collection.  Sampling  extraction  was  based  on  the  method  used  by

Dorado-Morales et al. (2016) and Porcar et al. (2018), with some modifications. Briefly, the

surface  of  photovoltaic  panels  were  strongly  scrapped  with  gauze  a  bandage  and  sterile

phosphate-buffered saline (PBS) (1 x, pH = 7.6). Dust obtained in this process was transferred

into a glass flask containing 150 mL of sterile PBS and transported to the laboratory, where

isolation, cultivation and identification were performed. To concentrate the slurry obtained, it

was transferred to a 50 mL conical tube and centrifugated at 5000 rpm for 3 min. This process

was repeated 10x, in order to optimize biological recovery from gauze bandage.

Climatological data (from June 2020) were recorded daily from the National Institute of

Meteorology (INMET) network of monitoring stations. The mean temperature was 19ºC and

the average relative humidity was 72% in both cities. The solar irradiance was 311.5 W.m-2

PSR  and  267.0  W.m-2 PSI,  and  mean  precipitation  levels  were  0.05  mm  and  0.1  mm,

respectively. The average temperature of the photovoltaic panels during the sampling process

was 43ºC PSR and 21ºC PSI. 

3.2.2 Cultivation and isolation of pigmented microorganisms

The pellets from PSI and PSR samples were suspended in 5 mL of PBS and serial diluted

in saline solution 0.85% until 10-4. Then, 100 μL of the stock solution (no dilution) and serial

dilutions were plated in three replicates on Luria Bertani (LB) agar and R2A agar medium.
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Plates were incubated in dark at 3ºC, room temperature (RT), 35ºC and 50ºC using spread

plate technique until visible colonies has formed – observations were carried out for 1 month

in a row. The growth of strains was monitored daily and pigmented microorganisms were

selected  based  on  morphology  and  color  of  colonies.  Pure  cultures  were  isolated  by  re-

streaking on a fresh medium. Gram staining technique was performed to guarantee the purity

of colonies and to characterize the isolates concerning cell wall type and morphology. The

pure colonies were conserved at -80ºC in glycerol 20% until required for further analysis.

3.2.3 DNA isolation, amplification and 16S rRNA sequencing

For taxonomic identification, the  genomic DNA was  extracted from pure colonies using

the  Wizard®  Genomic  DNA  Purification  Kit  (Promega  Corporation,  Wisconsin,  EUA),

following the instructions of the manufacturer, with a final elution volume of 50 μL for each

isolate.  Extracted DNA was subject to  PCR amplification using universal primers 10F (5’-

GAG TTT GAT CCT GGC TCA G-3’) and 1100R (5’-AGG GTT GCG CTC GTT G-5’)

(Lane et al. 1991) for bacteria identification and for yeast identification, the primers NL1 (5′-

GCA TAT CAA TAA GCG GAG GAA AAG-3′) and NL4 (5′-GGT CCG TGT TTC AAG

ACG G-3′) (Kurtzman and Robnett 1997). 

DNA amplification was carried out in an Eppendorf® Mastercyler® thermocycler under

the following conditions: an initial step for  Taq DNA polymerase activation at 94ºC for 2

min, followed by 30 cycles of DNA denaturation at 94ºC for 1 min, primer annealing at 55ºC

for  1  minute  and DNA extension  at 72ºC for  3  min.  After  the  final  amplification  cycle,

samples were kept at 72ºC for 6 min in a final DNA extension step and immediately cooled to

4ºC.  Amplicons were  checked on a  0.8 % electrophoresis  agarose gel  and purified using

Wizard®  SV Gel  and  PCR Clean-Up  System  (Promega Corporation, Wisconsin, EUA)  by

processing PCR product amplifications, with a final elution volume of 20 μL. All 16S rRNA

PCR products were sequenced by Sanger sequencing (Sanger and Coulson 1975).

3.2.4 Bioinformatics and phylogenic identification 

DNA sequences were edited and trimmed with the  BioEdit tool  (Hall 1999), in order to

eliminate low-quality base sequencing. The sequences quality-checked were analyzed by their

phylogenetic affiliations using the following databases: 1) EzBioCloud (Yoon et al. 2017), an

integrated database for Bacteria and Archaea taxonomic hierarchy and 2) Nucleotide database
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NCBI  Basic  Local  Alignment  Search  Tool  (BLAST)  (Altschul  et  al. 1990) for  yeast

identification.  The  sequences  together  with  their  closest  relatives,  (downloaded  from

databases) were aligned using Clustal W multiple sequence alignment (Bioedit software) to

check their matches. The phylogenetic trees were performed using MEGA v. 10.2.5 (Kumar

et  al. 2018) based  on  the  Neighbor-joining  method  and  reconstructed  using  a  bootstrap

analysis with 1000 replicates and Kimura-2 parameter model.

3.3 Results

Photovoltaic panel samples displayed cultivable microorganisms growing on LB and R2A

medium (Fig. 1). Most of the isolates in PSI samples were observed at 3ºC, room temperature

(R.T) (20-22ºC) and 35ºC (Fig. 1A). For PSR samples, a larger growth was recorded at room

temperature  and 35ºC (Fig.  1B).  In both samples,  a very few colony-forming grown was

observed at higher temperatures (50ºC). Many of the isolates displayed yellow and orange

pigmentation,  and  very  few were  pink.  A total  of  63 microorganisms  were  isolated  and

analyzed based on colony characteristics (form, color, size) and temperature condition growth

(Fig. S1, supporting information). However, Gram staining and morphology analysis showed

that many were similar. To selected only different phenotype strains, we delimited the further

steps  for  colonies  that  were Grain  staining,  morphology and growth temperature  distinct.

Thus, 15 out of 63 colonies were finally selected for taxonomic identification through 16S

rRNA sequencing (Tab. 1).
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Figure 1. Cultivable microorganisms growing on LB and R2A medium at 3ºC, Room Temperature (R.T) (20-22ºC), 35ºC and 50ºC. A) Samples from PSI

(Photovoltaic Panel from Itatiba) and B) Samples from PSR (Photovoltaic Panel from Sorocaba)

A B
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Table 1. Microorganisms selected for Sanger sequencing identification. The table contain the culture

conditions, Gram staining type and microscopy analysis. 

Isolate code Media
Incubation 

time (h)

Incubation

temperature

(°C)

Gram

staining
Morphology

PSI 07 R2A 72 R.T* - Rod

PSI 15 R2A 48 35 - Cocci

PSI 19 R2A 48 35°C + Rod

PSI 26 LB 24 R.T* - Rod

PSI 30 LB 48 35°C + Rod

PSR 33 LB 72 R.T* + Rod

PSR 34 LB 72 R.T* + Cocci

PSR 37 R2A 72 R.T* - Cocci

PSR 46 R2A 48 35°C + Rod

PSR 49 R2A 120 35°C + Filamentous

PSR 50 LB 48 35°C + Cocci

PSR 51 LB 72 35°C + Cocci

PSI 68 LB 120 3°C + Cocci

PSI 70 LB 504 3°C - Rod

PSI 72 LB 504 3°C + Cocci

* R.T = Room Temperature (20-22ºC)

In  total  15  isolates  were  identified  by  16S  rRNA gene  sequence  and  assigned  to  the

following phylogenetic groups: Actinobacteria (53%), Proteobacteria (27%), Basidiomycota

(13%)  e  Bacteroidetes  (7%)  (Tab.  2).  Strains  with  the  highest  similarity  showed  in  a

phylogenetic  tree  (see  supplementary  data),  were  identified  as  follow:  Mycolicibacterium

aurum (PSI 19),  Arthrobacter  koreensis (PSI 30,  PSR 37),  Microbacterium hydrotermale

(PSR 33),  Gordonia sp.  (PSR 46),  Dermacoccus nishinomiyaensis  (PSR 50),  Kocuria  sp.

(PSR 51),  Verrucosispora qiuiae  (PSR 49),  Sphingomonas paucimobilis  (PSI 15),  Serratia

nematodiphila  (PSI 26),  Psychrobacter sp.  (PSI 68),  Pseudomonas coleopterorum (PSI 70),
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Rhodotorula  sp.  (PSI 72), Rhodotorula  mucilaginosa (PSR 34),  Hymenobacter  flocculans

(PSI 07).

Table 2. Taxonomic identification of isolated strains 

Phylum Isolate code Taxonomic identification
Similarity (%)

(EzBioCloud)

Actinobacteria

PSI 19 Mycolicibacterium aurum 98.54

PSI 30, PSR37 Arthrobacter koreensis 100

PSR 33 Microbacterium hydrotermale 99.05

PSR 46 Gordonia hongkongensis 100

PSR 50 Dermacoccus nishinomiyaensis 99.69

PSR 51 Kocuria arsenatis 99.89

PSR 49 Verrucosispora qiuiae 99.79

Proteobacteria

PSI 15 Sphingomonas paucimobilis 99.43

PSI 26 Serratia nematodiphila 99.79

PSI 68 Psychrobacter faecalis 100

PSI 70 Pseudomonas coleopterorum 100

Basidiomycota

PSI 72 Rhodotorula sp. -

PSR 34 Rhodotorula mucilaginosa -

Bacteroidetes PSI 07 Hymenobacter flocculans 97.75

3.4 Discussion

The growth of pigmented  microorganisms in our samples  was consistent  with finds of

other photovoltaic panels previously investigated  (Dorado-Morales  et al. 2016; Porcar  et al.

2018; Tanner et al. 2018b, 2018a). Pigmentation have been associated with a survival strategy
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to  withstand  harsh  environments,  contributing  to  modulation  of  membrane  fluidity,

cryopreservation, desiccation, and intense solar irradiation effects (Jagannadham et al. 2000;

Dieser,  Greenwood  and  Foreman  2010).  These  strategies  of  microbial  survival  are  also

consistent  with  the  thermal  fluctuations,  irradiation  exposure  and  desiccation  effects  that

occurs on surfaces of photovoltaic panels. Microorganisms living in such environment must

be adapted to resist, or at least tolerate, extreme conditions to remain there throughout time

(Tanner, Vilanova and Porcar 2017). Pigmented microorganisms found on solar photovoltaic

surfaces  might  indicate  that  the  community  living  there  are  adapted  and  have  special

mechanisms  of  survival,  which  makes  them  an  interesting  source  of  metabolites  and

biotechnological applications.

The PSI 19 strain was closest related to Mycolicibacterium aurum, first classified as a

Mycobacterium genus (Oren and Garrity 2018). The genus belongs to the Mycobacteriaceae

family,  where most species are considered saprophytic microorganisms isolated from both

natural  environments  and  environments  influenced  by  humans  (Romagnoli  et  al. 2020).

Mycolicibacterium strains were previously reported to highly stimulated the growth of fungal

Serendipita indica,  in a beneficial endophytic interaction suggesting a role in biocontrol of

plant  pathogen  (del  Barrio-Duque  et  al. 2019).  Furthermore,  some  strains  of

Mycolicibacterium have been tested as bioinoculant and associated with a stimulatory effect

in plant growth promotion (Egamberdiyeva 2007).

Arthrobacter koreensis (PSI 30, PSR 37) were previously isolated from alkaline soil (Lee

et al. 2003) and Nerium oleander rhizosphere soil (Manzanera et al. 2015). Genome analysis

proposed presence of plant hormones pathways, indicating a role in plant growth promotion.

Moreover, the strain was described as desiccation-tolerant bacteria  (Manzanera et al.  2015).

Arthrobacter genus isolated from Andean Lakes,  showed polyextremophilic characteristics

with ability to cope in a multiple stress condition (Rasuk  et al. 2017). Pigment production

(Kuhlman  et al.  2005)  and xeroprotectants molecules (García-Fontana et al.  2016), such as

trehalose,  were investigated to contribute to their  UV-radiation resistance and desiccation-

tolerance  and  should  be  considered  as  potential  biotechnological  applications  including

astrobiological  model,  trehalose  biosynthesis,  and  even  in  anti-biofilm  activity (Li et  al.

2015).

Microbacterium hydrotermale (PSR 33) was first isolated from hydrothermal sediment of

Indian Ocean (Zhang, Ren and Zhang 2014). Until  now, little  is  known about this  strain.

However,  the genus comprises species  UV-resistant,  such as  Microbacterium radiodurans

(Zhang  et  al.  2010) and  Microbacterium  sp  (Reis-Mansur  et  al.  2019). Moreover,  some
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species  are  endophytic,  such  as  Microbacterium  testaceum (Morohoshi  et  al. 2011) and

Microbacterium zeae (Gao et al. 2017).

Gordonia sp. (PSR 46) was identified as Gordonia lacunae, Gordonia insulae, Gordonia

terrae and Gordonia hongkongensis. Gordonia species have ability to degrade rubber (Linos

et  al. 1997),  hydrocarbon  (Xue  et  al. 2003) and  phenol  (Kim  et  al. 2009),  indicating  a

possible role in bioremediation and pollution biodegradation. Gordonia species isolated from

a  drinking  water  system,  was  identified  as  disinfectant-resistant  bacteria,  bringing  an

emergence concern to safety (Lu et al. 2020). Gordonia is not considered UV-resistant (Lu et

al. 2020),  however  Gordonia  polyisoprenivorans showed  viability  after  a  long  time  of

desiccation exposition, indicating possibility to survival at stress environment.

Dermacoccus  nishinomiyaensis  (PSR  50)  originally  called  Micrococcus

nishinomiyaensis (Kocur, Schleifer and Kloos 1975), and reclassified later (Stackebrandt et al.

1995). Although Dermacoccus nishinomiyaensis is known as part of the skin microbiome, it

was  already  detected  in  areas  of  human-built  environment,  such  as  indoor  track  facility

(Williams and MacLea 2019) and now on the photovoltaic panel surface. Dermacoccus is not

usually considered as human pathogen, however colonization of catheter by skin flora have

been reported (Joron et al. 2019; Tanaka et al. 2019), suggesting that the genus might have

biofilm colonization capability. Recently, a studied observed Dermacoccus profundi, isolated

from the Antarctic,  could survive 15 minutes under UV-C exposure (Gladka  et al. 2021),

indicating that there are species in the genus  Dermacoccus capable to thrive in irradiation

conditions.

PSR  51  was  identified  as  both  Kocuria  rhizophila,  first  isolated  from  rizoplane

(Kovács  et al. 1999), and  Kocuria arsenatis,  first isolated from a vegetal root tissue in an

arsenic-polluted mine (Román-Ponce  et al. 2016).  The last  one was described as arsenic-

resistant and endophytic bacteria and might have a role in plant growth or bioremediation

purpose. Kocuria rhizophila strain isolated from root plant in Sahara Desert showed resistance

to gamma-radiation, desiccation and high H2O2  concentration (Guesmi et al. 2021). Strain of

K. sp. Isolated from radioactive mines also showed resistance to UV and gamma-radiation

(Asgarani et al. 2012). Moreover, Kocuria flava, the outgroup of a phylogenetic tree (Fig. S8,

supporting information), showed multiple stress tolerance, such as irradiation, desiccation and

salinity  (Etemadifar,  Gholami  and Derikvand 2016).  Species  of  Kocuria were reported  to

cause catheter-related bacteremia (Altuntas et al. 2004; Moissenet et al. 2012), suggesting the

ability of biofilm formation.
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Verrucosispora qiuiae (PSR 49),  a micromonospora-like genus (Xi et al. 2012). The

genus  Verrucosispora has  been  recognized  as  a  source  of  potential  biotechnological

applications in the biomedicine field, in the manufacturer of antitumors compounds (Bister et

al. 2004).  Additionally,  Micromonospora genus is  an important  source  of  antibiotics  and

therapeutic drugs (Hirsch and Valdés 2010; Hifnawy et al. 2020) and has species reported to

support extreme environments (Rasuk  et al. 2017).  Verrucosispora sonchi, which shares a

high phylogenetic similarity with Verrucosispora qiuiae (Fig. S6, supporting information), is

an endophytic bacteria (Ma et al. 2016). Interestingly, other strains phylogenetic-related, such

as  Verrucosispora endophytica  (Ngaemthao  et  al.  2017) and  Micromonospora  radicis

(Kuncharoen et al. 2019), also have the same characteristics.

Pseudomonas  coleopterorum  (PSI  70)  was  first  isolated  from bark  beetle  and  showed

cellulase activity, suggesting that this strain is a cellulase producing bacteria (Menéndez et al.

2015). In general, Pseudomonas genus are spread in nature thanks to their capability to adapt

in a diverse environmental conditions.  Pseudomonas auriginosa is one of the most studied

Pseudomonas strains,  because  it  is  considered  an  opportunist  pathogen  and  have  biofilm

colonization  properties  (Rasamiravaka  et  al. 2015).  Furthermore,  the  antibiotics  and

antimicrobial resistance increase their capability of biofilm formation, leading to  problem

when it turns to remove this structure from surfaces (Drenkard and Ausubel 2002; Kamali et

al. 2020). The colonization process of  Pseudomonas auriginosa begins with the adhesion on

a surface, which triggers the production of alginate matrix allowing the adhesion of more cells

arriving from the environment (Hoyle, Williams and Costerton 1993). Although planktonic

cells  of  Pseudomonas  auriginosa are  not  well  adapted  to  either  dried  and  irradiated

environments  (Skaliy  and  Eagon  1972;  Pazos-Rojas  et  al. 2019),  cells  living  on  biofilm

matrix  showed  resistance  to  both  conditions,  suggesting  that  biofilm  might  represent  a

strategy  to  support  the  survival  of  Pseudomonas strains  on  desiccative  and  irradiated

environments, being an important step in the colonization process (Roberson and Firestone

1992; Elasri and Miller 1999; Liaqat et al. 2020).  

The  strain  PSI  68  was  identified  as  both  Psychrobacter  faecalis  (Kämpfer  et  al.

2002) and Psychrobacter pulmonis (Vela et al. 2003), isolated from pigeon faeces and lung of

lambs, respectively. Despite the double identity, pigeon faeces are more suitable to reach the

surface  of  the  photovoltaic  panel  than  is  the  lung  of  lambs.  Psychrobacter genus  are

considered  psychrophiles,  able  to  tolerate  cold  temperature  variations,  which is  consistent

with  the  isolation  temperature  growth  (3ºC)  of  PSI  68  (Bendia  et  al. 2018).  This  genus

comprises species with biofilm formation capability (Wagner et al. 2020) and UV-resistance.
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For example, La Duc et al. (2007) reported that Psychrobacter sp., phylogenetic-related to P.

faecalis and P. pulmonis, were able to survive to a dose of 1,000 J/m² of UV-C irradiation.

Furthermore,  Pseudomonas and  Psychrobacter was  observed  to  be  tellurite-resistant  and

tellurite-reducing  bacteria,  suitable  for  bioabsorption,  bioremediation  and  nanoparticle

applications (Arenas et al. 2014)

Sphingomonas  paucimobilis  (PSI  15)  is  a  soil  bacteria,  adapted  to  contaminated

environments able to degrade a variety of PAH compounds (Mueller et al. 1990; Weissenfels,

Beyer and Klein 1990; Story et al. 2004; Zhou et al. 2016). Sphingomonas is well known for

biofilm formation capability (Leys et al. 2005; Mustafa, Maulud and Hamad 2018) and was

reported  having  resistance  to  sanitizers  chloride  based  (Gulati  and  Ghosh  2017).

Sphingomonas  adhaesiva,  phylogenetic-related  to  Sphingomonas  paucimobilis,  was  first

isolated from irradiated water (Yabuuchi et al. 1990). Sphingomonas strains colonize a wide

extreme environments, including the Antarctic, volcano lakes, contaminated soils and light

UV-irradiated places (Marizcurrena et al. 2019). 

Serratia nematodiphila  (PSI 26) was originally  isolated from an entomopathogenic

nematode and reported as essential for its growth and survival. Symbiotic characteristics are

rare in  Serratia species, and have been considered as a distinguishing feature of this strain

(Zhang et al.  2009; Kwak et al. 2015). Moreover, genome sequencing of the strain revealed

genes  encoding  relevant  enzymes  to  heavy  metal  resistance,  antimicrobial  activity,  and

insecticidal  activity  (Kwak  et  al. 2015),  suggesting  a  role  in  various  biotechnological

applications. Furthermore, Serratia species were also isolated from the Antarctic environment

and  described  as  both  psychrotolerant  and  UV-C  resistant,  with  a  thermoactived  and

thermostable  catalase  enzyme,  making  these  microorganisms  a  promising  source  of

biocompounds (Monsalves et al. 2020).

Rhodotorula sp. (PSI 72) and Rhodotorula mucilaginosa (PSR 34) have moderate (R.

mucilaginosa) to low (R. sp.) capability for biofilm formation.  Rhodotorula mucilaginosa is

considered psychrotolerant and thermotolerant (Zajc et al. 2019). Rhodotorula mucilaginosa

was also reported to have UV-tolerance, surviving 10% after 40 minutes of UV-C exposition,

and  this  effect  was  correlated  with  their  high  carotenoid  content  (Villarreal  et  al.

2016). Additionally,  UV-A and UV-B resistance were also reported (Moliné  et al. 2010).

Interestingly, beyond the carotenoid content detected, in silico analysis revealed enzymes with

H2O2  scavenger role (Zajc  et al. 2019), which is possibly another reason for the observed

stress  tolerance.  Tanner  et  al.  (2018a)  cultivated  Rhodotorula  mucilaginosa from  polar

photovoltaic  panels,  and  the  strain  was  also  UV  and  desiccation  tolerant.  The
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Exopolysaccharides  (EPS) responsible  for biofilm formation of  Rhodotorula mucilaginosa

has  been  studied  by  their  biotechnological  implications.  Research  in  antimicrobial  and

antibiofilm  properties  of  EPS suggested  a  role  in  antibiofouling  or  antiadhesive  agent  to

prevent  bacterial  biofilm  (Vazquez-Rodriguez  et  al. 2018) or  as  a  capping  agent  in  the

synthesis of nanoparticle biocomposites (Garza-Cervantes et al. 2019).

PSI 07 strain was affiliated to Hymenobacter flocculans, first described by (Chung et

al. 2010) isolated from an uranium mine waste water treatment. The genus comprises species

isolated from various ecological niches (Zhang  et al. 2009; Chang  et al. 2014; Kang  et al.

2016).  Many  species  were  previously  associated  with  radiation-resistance  properties:  H.

tibetensis (Dai et al. 2009), H. amundsenii (Sedláček et al. 2019), H. jejuensis (Maeng, Kim

and  Subramani  2020),  H.  sedentarius  (Kim  et  al.  2017b). Others  was  described  as

psychrophilics (Zhang  et al. 2011; Sedláček  et al. 2019)  or psychrotolerant (Kojima  et al.

2016; Kim et al. 2017a). Furthermore, the genus Hymenobacter was present on photovoltaic

panels surfaces already investigated so far (Dorado-Morales  et al. 2016; Porcar  et al. 2018;

Tanner  et  al. 2018a).  In  Brazil,  Shirakawa  et  al. (2015)  identified  the  same species  (H.

flocculans) colonizing the surface of the photovoltaic panel in São Paulo city.

In  general,  the  genus  Arthrobacter,  Kocuria,  Microbacterium,  Pseudomonas,

Sphingomonas, Rhodotorula and Hymenobacter were also isolated from the surfaces of others

photovoltaic panels in the Mediterranean city (Dorado-Morales et al. 2016; Porcar et al. 2018;

Tanner et al. 2018b) and Polar climates (Tanner et al. 2018a). Hymenobacter, Sphingomonas

and Pseudomonas being the most abundant between them.

Most of the isolates that we identified were described in the literature as UV-resistant,

desiccation-resistant and capable to form a biofilm matrix, at least at a genus level. This is

consistent with the environmental conditions that the microorganisms were isolated from. The

presence of common genus of our samples in comparison to other photovoltaic panels around

the world and our  previous  research  of  microbial  diversity  (not  published yet,  chapter  2)

together with the description in the literature, suggests that the microorganisms living there at

the moment of collecting, were possibly a result of selection pressure, that lead to a stable

shaped community, able to establish a native microbiome. 

Despite  possibilities  of  being  a  source  of  commercial  interest,  microorganisms

colonizing photovoltaic panels surfaces are also a concern to energy yield, although this is

still  an  underestimated  question  (Noack-Schönmann  et  al. 2014;  Shirakawa  et  al. 2015;

Martin-Sanchez et al. 2018). Solar energy covers all electromagnetic spectrum; however, the

energy distribution has a maximum in the range of visible light. For this reason, photovoltaic
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panels are more influenced in the visible wavelength range, than other regions of the solar

spectrum (Ogherohwo, Barnabas and Alafiatayo 2015) Pigmented microorganisms capable to

absorb and scatter visible light change the incoming radiation in the photovoltaic cells and

decrease its intensity (Noack-Schönmann et al. 2014), affecting negatively the efficiency of

energy  conversion.  Moreover,  some  biofilms  were  reported  to  have  sanitizers  and

antimicrobial  resistance,  which could lead to issues when using the conventional  cleaning

process. 
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3.6 Supplementary data

Supplementary  Figure  S1.  Culture  conditions  and  analyses  from  strains  isolated  from

photovoltaic panel surface samples (PSR and PSI).

Media Gram Morphology

PSI01 PSI LB 24 50°C + Filamentous
PSI02 PSI LB 24 50°C + Filamentous
PSI05 PSI LB 24 50°C + Rod
PSI06 PSI R2A 24 50°C + Filamentous
PSI07 PSI R2A 72 RT - Rod
PSI08 PSI R2A 24 RT - Cocci
PSI10 PSI R2A 48 RT + Cocci
PSI11 PSI R2A 24 RT + Cocci
PSI14 PSI R2A 48 35°C + Cocci
PSI15 PSI R2A 48 35°C - Cocci
PSI16 PSI R2A 48 35°C + Cocci
PSI17 PSI R2A 24 35°C - Cocci
PSI18 PSI R2A 24 35°C - Cocci
PSI19 PSI R2A 48 35°C + Rod
PSI20 PSI R2A 48 35°C - Cocci
PSI23 PSI LB 24 RT - Cocci
PSI24 PSI LB 48 RT + Cocci
PSI25 PSI LB 24 RT - Cocci
PSI26 PSI LB 24 RT - Cocci
PSI27 PSI LB 48 RT + Cocci
PSI28 PSI LB 24 35°C + Rod
PSI29 PSI LB 48 35°C + Cocci
PSI30 PSI LB 24 35°C + Rod
PSI31 PSI LB 24 35°C - Cocci
PSR33 PSR LB 72 RT + Rod
PSR34 PSR LB 72 RT + Cocci
PSR35 PSR LB 72 RT + Cocci
PSR37 PSR R2A 72 RT - Cocci
PSR40 PSR R2A 72 RT + Rod
PSR41 PSR R2A 72 RT + Cocci
PSR42 PSR R2A 72 RT + Cocci
PSR43 PSR R2A 48 35°C + Filamentous
PSR44 PSR R2A 48 35°C - Cocci
PSR45 PSR R2A 48 35°C + Cocci
PSR46 PSR R2A 48 35°C + Rod
PSR47 PSR R2A 48 35°C + Rod
PSR48 PSR R2A 48 35°C - Filamentous
PSR49 PSR R2A 120 35°C + Filamentous
PSR50 PSR LB 48 35°C + Cocci
PSR51 PSR LB 48 35°C + Cocci
PSR52 PSR LB 48 35°C + Cocci
PSR53 PSR R2A 48 50°C + Filamentous
PSR56 PSR LB 48 50°C + Filamentous
PSR57 PSR LB 48 50°C + Filamentous
PSR58 PSR LB 48 50°C + Filamentous
PSR59 PSR LB 24 50°C + Filamentous
PSR60 PSR LB 48 50°C + Rod
PSI 66 PSI LB 504 3°C + Cocci
PSI 67 PSI LB 504 3°C + Cocci
PSI 68 PSI LB 504 3°C + Cocci
PSI 70 PSI LB 504 3°C - Rod
PSI 71 PSI LB 504 3°C + Cocci
PSR 72 PSI LB 504 3°C + Cocci

Isolate code
Photovoltaic 

panel
Incubation time 

(h)
Incubation 

temperature (ºC)
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Supplementary Figure S2.  Phylogenetic analysis of 16S rRNA gene sequence of PSI 19

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S3. Phylogenetic analysis of 16S rRNA gene sequence of PSI 30 and

PSR 37 strain isolated from photovoltaic panels surfaces samples (PSR and PSI) and their

closest relatives retrieved from EzBioCloud database. Evolutionary distance calculated with

Kimura  2  parameters  and  phylogenetic  tree  reconstructed  with  Neighbor-joining  method

using 1000 replicates bootstrap values.
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Supplementary Figure S4.  Phylogenetic analysis of 16S rRNA gene sequence  of PSR 33

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S5.  Phylogenetic analysis of 16S rRNA gene sequence  of PSR 46

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S6. Phylogenetic analysis of 16S rRNA gene sequence  of PSR 49

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S7.  Phylogenetic analysis of 16S rRNA gene sequence  of PSR 50

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S8. Phylogenetic analysis of 16S rRNA gene sequence  of PSR 51

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S9. Phylogenetic analysis of 16S rRNA gene sequence  of PSI 15

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S10. Phylogenetic analysis of 16S rRNA gene sequence  of PSI 26

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S11.  Phylogenetic analysis of 16S rRNA gene sequence  of PSI 68

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S12. Phylogenetic analysis of 16S rRNA gene sequence  of PSI 70

strain isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S13. Phylogenetic analysis of 16S rRNA gene sequence of PSR 34

and PSI 72 strains isolated from photovoltaic panels surfaces samples (PSR and PSI) and their

closest relatives retrieved from NCBI database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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Supplementary Figure S14. Phylogenetic analysis of 16S rRNA gene sequence  of PSI 07

strain  isolated from photovoltaic  panels surfaces samples (PSR and PSI) and their  closest

relatives retrieved from EzBioCloud database. Evolutionary distance calculated with Kimura

2 parameters and phylogenetic tree reconstructed with Neighbor-joining method using 1000

replicates bootstrap values.
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CHAPTER 4

CONCLUSION

4.1 Overview and future investigations

The primary objective of this work was investigate the  microbial diversity living on

photovoltaic  panels  surfaces  in  Brazilian  tropics  and  also  explore  the  biotechnological

potential of pigmented microorganisms isolated from these structures. The motivation behind

this work was based on: i) the gap in microbial diversity knowledge; ii) the absence of reports

related  to  microbial  diversity  on  photovoltaic  panels  surfaces  in  tropical  regions;  iii)  the

biotechnological potential and; iv) the investigation of photovoltaic panels surfaces microbial

profile in comparison to each other and those in Mediterranean and Polar climates.

In Chapter  2 of this  work,  we found that  photovoltaic  panels  investigated showed

similar  taxonomic  profile,  dominated  mainly  by  two  genera:  Hymenobacter and

Methylobacterium-Methylorubrum.  These microorganisms were previously reported to have

important mechanisms to initiate and engage the colonization process on photovoltaic panels,

such  as  adhesion,  biofilm  formation,  UV  and  desiccation  tolerance.  The  common  core

association  between  photovoltaic  panels  investigated  was  composed  mainly  by

microorganisms known as  extremophilic,  and some of them  were also identified  in  other

photovoltaic  panels  around  the  world.  The  functional  prediction  indicate  pathways  and

specific  KEGG  orthology  related  to  genes  encoding  important  biomolecules  in  the  UV-

resistance,  desiccation-resistance,  and pigmentation,  all  being typical adaptation process to

succeed in a sun-exposed environment. These findings suggested that microbial communities

living on photovoltaic panels surfaces in a tropical region are probably adapted to a harsh

environmental conditon, being consistent from ecological point of view.

In Chapter  3 of this  work,  we observed cultivable  and pigmented  microorganisms

growth  retrieved  from  photovoltaic  panels  samples,  which  was  consistent  with  previous

reports. The identification of  these strains revealed that, at least their closest relatives, were

described  as UV-resistant,  desiccation-resistant,  biofilm  formation  capability  and  with

biotechnological potential representing relevant applications to industrial interest. 

In general, this study suggested, as a hypothesis, that the microbial diversity living on

photovoltaic panels surfaces, in the moment of collecting, might be a result of a final step in

ecological  succession,  shaped  by  adapted  communities  capable  of withstand  extreme
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conditions  and  settle  a  native  microbiome,  intrinsic  of  that  region.  Moreover,  the

biotechnological applications discussed, relative to microorganisms prospected, reinforces the

possibility of photovoltaic panels surfaces being an interesting resource for biotechnological

purposes.

As future investigations that can be derived from our studies, we propose a deeper

investigation  of  microbial  ecology,  using  metagenomics  analyses and  statistical  tools  to

compare all studies done so far in a metadata analysis context, focusing on patterns in the

colonization process of  these microbial  communities to promote a more broad and secure

ecological information. Moreover, we also propose a study to observe the biofilm formation

and microbial coverage over time as a suggestion to determine the steps of colonization.  As

complementary data to profile these communities, we propose the isolation and identification

of  various  cultivable  phenotypes.  Finally,  to  a  better  understanding  of  biotechnological

potential,  a bioprospection approach is interesting,  which could guide us into a myriad of

possibilities.
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