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Abstract

Abstract

Despite synthetic polymers have been considertd &t no deteriorable for many years,
now we know they can undergo to chemical, physaal biological damage. Effects of
biological degradation on polymers include maslohgurface properties due to the presence
of microorganisms inhabiting surfaces, embrittletremd loss of stability due to changes in
chemical structure of polymers, presence of cramhd swellings due to penetration of
microorganisms into the polymer matrix and changesolymer colour due to excretion of
microbial pigments. Microbial deterioration depemasthe constitution and the properties of
polymer materials as well as environmental condgidVillions of tons of synthetic polymers
used as adhesives, binders, coatings, inks, eecpraduced worldwide every year. In 1997
the worldwide paint and coatings industry represeat mature 50+ billion dollar market and
synthetic polymers used in paint and coating iniks@account for approximately 45-55% of
the worldwide decorative market. Deterioration @frnishes and binding media results in
chemical changes that lead to an increase in thauhility and polarity of the material, a
reduction of the strength, and a change in colaummpng others. As biodeterioration of
synthetic polymers seriously compromises the adhesnd durability of the paint as well as
its decorative/protective function, identificatioof the cause of synthetic polymer
biodeterioration is of great importance.

Although biodeterioration of synthetic polymersabjects during their lifetime should be
avoided to preserve the object function, synthetilymer materials should be susceptible to
degradation once they are disposed of and treatedaate. The major ingredients of paints
are the pigment, a material which provides colamd the binding medium, a film-forming
material in which the pigment particles are dispdrand forms the matrix that hardens and
binds the pigments on the painted surface. All $hethetic polymers used as paint and
coatings binders are belonging to different chemadasses, the most important being
acrylics, polyvinylacetate and nitrocellulose-alkydicroorganisms can assimilate and/or
degrade these synthetic polymers because theirichelbonds are the same as those found in
the natural polymeric matter, which is generallgiladegraded. Bioremediation is widely
used for the clean-up of environmental pollutansing microorganisms and could be
successfully applied for the removal of synthetdymers, including those present in paint
and coating formulations.

The aims of this PhD project were to study botheatp of synthetic polymer
biodegradation, in particular:

v Characterise the microbial community associatetiodeterioration of an acrylic
polymer used as protective and consolidant, in rotdedentify microorganisms
potentially active against synthetic polymers.

v' Study bacterial degradation of nitrocellulose idesrto develop a bioremediation
process to remove nitrocellulose-based paints.

Chapter 3 reports a case-study about how a microbial comtyehianges in the presence
or in the absence of an acrylic polymer used asaaants. Synthetic polymers have been
widely applied as consolidants and protective itiucal heritage field for the treatment of
objects and buildings to prevent further deteriorat The long-term efficiency of the
consolidative/protective treatments was believéldié@mced mainly by chemical and physical
agents (e.g. UV light and temperature) and theeefots of synthetic polymers have been
used in cultural heritage conservation withoutitgsthem against biological deterioration. As
a result, treated objects are sometimes in worsaitons than untreated objects and,
moreover, biodeterioration of the added materglsn additional cause of damage. The study
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of microbial community changes due to synthetio/par treatments and the identification of
biodeteriogen microorganisms is a crucial stepaumetbping a treatment strategy in cultural
heritage conservation.

In this work, we present the first molecular chégasation of a microbial community
present on artistic ceramic treated with acrylidse study was conducted on ceramic tiles of
the Grande Albergo Ausonia & Hungaria facade. 1872the facade underwent conservation
treatment to consolidate severely damaged tiles tantemove dark spots present on its
surface. Tiles on the first horizontal register gvéren treated with the commercial synthetic
resin Paraloid B72 (copolymer methylacrylate—ethylmethacrilate), asnsolidant and
protective product. Soon after the interventionhbtrteated and untreated tiles showed
coloured alterations caused by microorganisms kegtwiee pottery layer and the glaze.

Samples from treated and untreated areas wereallypitobserved under stereo,
epifluorescence and the scanning electron micrasemopl analysed by Energy-dispersive X-
ray spectroscopy (EDX) and micro Fourier transfanfrared spectroscopy (FTIR). The
results showed that the polymer, identified as Bat8872°, was present only in two of the
nine treated samples and confirmed the presenddotdgical alterations in all samples.
Paraloid B72 was not found on the surface of the most of tleatéd samples, probably
because of photooxidative depolymerization andwhash out of resin from the tile surfaces.
Deteriogen biofilm was present at the interfaceefpottery in samples without any presence
of Paraloid B72, while in the two samples where we found Para®i@®, the biofilm was
mainly in the pottery layer.

Microscope techniques together with denaturing igradgel electrophoresis (DGGE) and
sequencing from total DNA extracted from Hungamanples were used to identify sessile
taxa causing coloured alteration. Our results sliothiat the colour of the deposit present in
the tile samples and the greenish alteration ob#heony were most likely mainly due to the
presence of cryptoendolithic cyanobacteria and myokia algae respectively. Biodegrading
microorganisms related to the presence of syntipetigmers and Paraloid B72vere also
found. In particularPhoma, an uncultured Bacteroidetes awl@thylibium sp. were found in
all the samples in which we detected Paraloid B#2elanised fungi, such a@homa, are
well known as the most damaging fungi able to &ttanod penetrate stone monument
surfaces. Bacteroidetes show hydrolytic activitywdod polymeric substances and
Methylibium can grow on organic pollutants. In addition, whearaloid B72 was present,
the biofilm was located in a deeper position thraeamples without any evidence of the resin.
Using DGGE technique it was also proved that theroflora present on the tiles was
generally greatly influenced by the environment tife Hungaria hotel. Several
microorganisms related to the alkaline environmtd,range of the tile pH, and related to the
aquatic environment and the pollutants of the Viehagoon were found.

The rapid reappearing of microbial deterioratiororscafter the 2007 conservation
treatment, which included the use of biocides, ikady favoured by the water content and
organic substances, some of them added during dmsecvation treatment. Therefore,
Paraloid B72 was not the best consolidant polymer to be usetl tee long-time
conservation of the ceramic tile of Hungaria hotel.

Chapter 4 is focused on the capability @fesulfovibrio desulfuricans ATCC 13541 to
attack nitrocellulose as binder in paint. Synthgitymers used for the manufacture of paint
and coatings are polymers belonging to differergnaical classes and little information
regarding the chemical characteristics and theiatian in a population of paints are present
in literature. On the base of few works, acrylips]yvinylacetates and nitrocellulose-alkyd
polymers seem to be most used as binders in s@iay formulation. The high presence of
nitrocellulose, a uniformly substituted cellulosemgpound with varying degree of nitration,
as component of paint binders should lead to a meargronmental attention because the

2



Abstract

presence of nitro compounds materials in the wastEveffluent causes severe environmental
problems, high toxicity and provokes serious healtbblems. Microorganisms are able to
degrade nitrocellulose by two pathways: i) cleavafp—-1,4—glucoside bonds that produces
nitrooligosaccharides of various length, normalyried out by fungi, and ii) nitrocellulose
denitration that reduces the degree of nitro stuligin, generally performed by bacteria.
Since nitrooligosaccharides have mutagenic pragserthe second pathway is preferred over
the first for exploitation as a biodegradation pedl. Nitrocellulose undergoes degradation
by sulphate-reducing bacteria under anaerobic tondi In particular, sulphate—reducing
bacteria of the genudesulfovibrio decrease the amount of nitrocellulose powder idiane
containing this compoundDesulfovibrio spp. firstly reduces the nitration content of
nitrocellulose in powder due to a nitroesterasesiégtof the bacteria and then reduces nitrate
to ammonia through the dissimilatory nitrate reducto ammonia (DNRA). DNRA is a two-
step process involving nitrate reduction to nitrded the subsequent nitrite reduction to
ammonium by nitrate— and nitrite reductases. Tlaeeseveral sulphate—reducing bacteria
able to reduce nitrate to nitrite, but it appe&et this is not a shared feature across the genus
Desulfovibrio. In contrast, the dissimilatory reduction of nérito ammonium seems to be
widespread iDesulfovibrio.

For this studyD. desulfuricans ATCC 13541 was selected because it was used ial met
biosorption, and therefore the strain is resistarthe high concentrations of metals that can
be encountered in paints. Nitrocellulose was seteat the form of the red spray paint by
Motip—Dupli® Autocolor (colour 5-0200) that was confirmed bylRTspectroscopy as
composed by nitrocellulose and a modified polyestsin. At the end of degradation
experiments, the capability &f. desulfuricans ATCC 13541 to adhere onto the surface of the
paint was assessed by epifluorescence microscagmnaiions and confirmed by FTIR-ATR
spectroscopy that showed the presence of protenacmaterial on the painted surface.
Nitrocellulose degradation was followed indiredtly measuring nitrate, nitrite and ammonia
concentration in the cultural medium and directly diereoscope microscopy observation,
FTIR spectroscopy and colourimetric measurementthefpaint layer. The results proved
that, even if slight abiotic degradation of therpas a consequence of the long immersion
time in the culture medium was noticeahle, desulfuricans was active against Autocolor
paint. In particular the bacteria acted with higiedficity on the N-O bond of the nitro—
substituted cellulose. Moreover, after incubatiathvd. desulfuricans, paint detachment and
fading of Autocolor paint slides were clearly pgtiele at first glance. The colour fading of
Autocolor paint, proved by changes in CIELAB colqarameters, could be caused by the
degradation of the paint and the removal of nitmugs from the nitrocellulose molecule.

In this work, changes in nitrate— and nitrite radge activity inD. desulfuricans
incubated in the presence or in the absence aeiliulose as binder of Autocolor paint were
also evaluated. It was assessed that the activityittate reductase was equivalent while
nitrite reductase activity was higher . desulfuricans grown in the presence or in the
absence of Autocolor paint.

In Chapter 5 the developement of a new primer pair specific fofA gene in
Desulfovibrio genus is reported. DNRA or nitrate ammonificatieran anaerobic process in
which nitrate is reduced to ammonia with nitrite iaermediate. The ability to carry out
DNRA is phylogenetically widespread. Many sulphegdticing bacteria are able to perform
respiratory ammonification in the presence of tétrahen sulphate is absent and/or in low
concentration. The first step of DNRA, the nitregduction to nitrite, is usually performed by
the periplasmic nitrate reductase NapAB, while #ezond step, the nitrite reduction to
ammonium is catalysed by the pentaheme cytochromeitrte reductase NrfA. In
Desulfovibrio spp., nitrite reductase NrfA plays an importané for those strains able to use
nitrate and nitrite rather than sulphate as electrcceptor, and for those bacteria capable of
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reducing nitrite but unable to reduce nitrate.dntf nitrite is a very toxic compound and the
additional function of nitrite reductase allo®gsulfovibrio spp. to survive in environments
containing nitrite up to millimolar concentrationss the presence of the nitrite reductase in
the Desulfovibrio genus is widespread, the geméA, that encods for the key enzyme of the
second step of the DNRA pathway, could be usednaarker for this dissimilatory process.

Multiple alignment of nrfA sequences oDesulfovibrio species, available from two
different databases, showed several consensusrssguanrfA primers were designed into
these conserved sequences using Primer3 softwdrenalico tested by BlastN tool from
NCBI and ThermoPhyl software. The results showed tihe best primer pair was nrfA-F2 —
nrfA-R5. The selected primer pair was then testectly on Desulfovibrio and
Desulfomicrobium strains from culture collection and secondly ono t@nvironmental
samples. The results proved that a 850bp, idedtbie sequencing asrafA gene fragment,
was successfully amplified using the new primer.pai

nrfA gene sequences obtained from NCBI and KEGG datab#se two environmental
samples andDesulfovibrio and Desulfomicrobium culture collection strains were then
clustered in OTUs. The results showed that thers avdnigh diversity imrfA sequences
clustered in OTUs and there were OTU groups natesgmted by any sequence present in
databases, confirming that more work should be dostudynrfA gene and DNRA pathway
in Desulfovibrio genus.

In conclusion, this project showed that:

* Biotechnology provides valid tools to study changesicrobial community structure
due to the presence of synthetic polymers and ®ntiy synthetic polymer
biodeteriogen microorganisms.

» Desulfovibrio desulfuricans ATCC 13541 is able to degrade nitrocellulose asléi in
paint and likely performs this degradation by tHéFA pathway.

* The new nrfA primers could help for isolating anlokaning more sequences of the
nrfA gene from both culture collections and environraesamples and for studying
dissimilatory nitrate reduction to ammonia (DNRAdtipway.

Further studies on synthetic polymer biodeterioraghould be made for the selection of
the best one to be applied for each specific userdter to prevent the loss of polymer
function once it has been applied to a surface.

On the other hand). desulfuricans is a promising bacterium in nitrocellulose-basathp
bioremediation andrfA gene could be used to study DNRA metabolism eiteidetoxifying
in bacteria oDesulfovibrio genus, in order to improve nitrocellulose bioreragdn process.
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I ntr oduction

Polymers are macromolecules composed of repeatiingtsral units, called monomers,
with a molecular weight generally higher than 1@dol. Monomer units are combined in
different ways to deliver different polymers (Eutradt al. 2009).

Synthetic polymers are polymers obtained by chelgiagadustrial polymerisation of
low—molecular weight hydrocarbons (Eubeétral. 2009; Peris-Vicentet al. 2007). These
materials have been firstly synthesised duringlitigleistrial Revolution. In the 20th century
their use has become widespread and our dailycbidd not be imagined without them
(Eubeleret al. 2009; Peris-Vicentest al. 2007). Nowadays, synthetic polymers with an
extensive range of properties are produced, anelywidmployed in thousands of totally
different products (objects, coatings, artworks) @Bal. 2005; Peris-Vicentet al. 2007).

At first, the use of synthetic polymers was consédeo overcome problems that occurred
to natural polymers, in particular synthetic onesrevsupposed more resistant to chemical,
physical and biological damage than natural mdte(@appitelliet al. 2006; Cappitellet al.
2005; Favaroet al. 2006). However, it has been found that also symth®aterials can
undergo rapid deterioration (Cappitedi al. 2006; Cappitelliet al. 2008; Hofland 2011,
Lucaset al. 2008; Obidiet al. 2009). Deterioration phenomena of synthetic polgniead to
changes in their physical, chemical and opticapprbes due to chemical (e.g., oxidation),
physical (e.g., UV light), and biological deteribom (Cappitelliet al. 2008; Cappitelliet al.
2005; Lucaset al. 2008; Weiss 1997). Among deterioration types, dgaal deterioration
could damage the structure and function of synthatiymers because microorganisms can
assimilate and/or degrade synthetic polymers becther chemical bonds are the same as
those found in the natural polymeric matter, whlgenerally easily degraded (Cappitetli
al. 2005). Microbial deterioration depends on the tiarntgon and the properties of polymer
materials as well as environmental conditions (dwgmidity, weather and atmospheric
pollutants) (Gu et al. 2005; Hofland 2011; Lucast al. 2008). Several different
microorganisms, belonging to bacteria, algae amdgjifuare involved in biodeterioration of
synthetic polymers. Microbiological action occurfiem microorganisms form biofilms on
surfaces of synthetic polymeric materials underotaable conditions of humidity and
temperature (Cappitellet al. 2007b; Cappitelliet al. 2004; Lucaset al. 2008). The
development of different microbial species, in aafic order, increases the biodeterioration,
facilitating in this way the production of simpleofacules. Recent studies show that also
organic dyes and atmospheric pollutants are peatersgources of nutrients for some
microorganisms. These adsorbed pollutants mayfalsur the material colonisation by other
microbial species (Cappitelét al. 2007b; Eubeleet al. 2009; Guet al. 2005; Lucast al.
2008). The main types of biological damage includielogical coating masking surface
properties, increased leaching of additives and ammrs that are used as nutrients,
production of metabolites (e.g., acids), enzymatiack, physical penetration and disruption,
water accumulation, and excretion of pigments (@efbpet al. 2008).

Nowadays, millions of tons of synthetic polymeredisas adhesives, binders, coatings,
inks, etc., are produced worldwide every year (Qtappet al. 2004). In 1997 the worldwide
paint and coatings industry represented a matureb8lion dollar market and among Europe,
Italy, Germany, the United Kingdom, and France dwated the 13+ billion dollar European
market (Weiss 1997). The paint and coatings inglustmormally divided into three broad
market categories: (1) architectural or decorativeatings; (2) original equipment
manufacturer (OEM)/product or industrial coatingmd (3) specialty or maintenance
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coatings. By definition, the decorative market gatg includes all paint, varnishes, and
lacquers sold for direct application to either fideor exterior surfaces buildings, including
those used for artistic purpose. The industrialketacategory includes all paint and coatings
that are formulated to specific customer specificet and applied to original, durable
equipment within the confines of an established ufecturing process. Specialty or
maintenance coatings are paint and coatings timatvithstand unusual exposure to corrosion,
extreme temperature conditions, as well as proldreggosure to either hazardous chemicals
or water (Weiss 1997). Deterioration of varnishesl &inding media results in chemical
changes such as cross-linking between chains gk, chain scissioning, oxidation of the
main chains or side groups and the breakdown ofecutgs, often accompanied by the
formation of highly oxidised products. These stauat changes lead to an increase in the
insolubility and polarity of the material, a redoct of the strength, and a change in colour,
among others (Domenech-Carbo 2008). Considerirtgatihang paint and coating market the
decorative category accounts for approximately 3% 5f the market share in the worldwide
sale of paint and coatings (Weiss 1997) and overphst decades a range of synthetic
adhesives, consolidants, and protectives have &gglred to enhance long-term preservation
of objects and materials (Cappitelt al. 2007a; Guet al. 2005; Lucaset al. 2008)
biodeterioration of synthetic polymers is a realpem and the use of these materials requires
a more critical approach. In particular, as biodetation of synthetic polymers seriously
compromises the adhesion and durability of the tpaswell as its decorative/protective
function, identification of the cause of synthepolymer biodeterioration is of great
importance (Cappitelli 2010; Domenech-Carbo 200&dDet al. 2009). To this aim,
molecular biology studies are very useful as theyvide information about the identity and
guantity of microorganism present on a substratnchleelp in identifying biodeteriogen ones
(Cappitelli 2010; Cappitelit al. 2006).

Although biodeterioration of synthetic polymers glib be avoided to preserve their
function, synthetic polymer materials should becspsible to degradation once they are
disposed of and treated as waste. As synthetiarpoly are chemically synthesised organic
compounds hardly degradable, are considered xetolsobstances (Eubelet al. 2009;
Stenuitet al. 2008; Tarasovat al. 2004). Xenobiotics tend to accumulate in the emnment,
because they contain structural elements or substs that do not (or rarely) occur in nature
and could not be easily degraded (Stesuil. 2008; Tarasovat al. 2004). The chemical
properties and quantities of xenobiotics determineir toxicity and persistence in the
environment. Environmental problems due to the ipensce of chemical pollutants have
brought the possibility of long-term environmentiibasters into the public conscience.
Therefore, various strategies are being developedfather research is currently underway
to develop means of protecting the environmentdlsiet al. 2006). In polymer research,
biodegradation is a useful property to obtain paysnfor certain applications where
biodegradation enhances the value of an applicdgamn, mulching films, food-packaging
materials or polymers used in oil-field and gaddfiehemicals). The value of the application
increases because the products when biodegradalyi&éave lesser or no environmental risk
(Eubeleret al. 2009). According to Lucast al. (2008), the biodegradation of polymeric
materials includes several steps and the processtop at each stage: (i) the combined action
of microbial communities, other decomposer orgasigmiand abiotic factors that fragment
the biodegradable materials into tiny fractiong. Microorganisms secrete catalytic agents
(i.,e. enzymes and free radicals) able to cleavgnpedic molecules reducing progressively
their molecular weight. This process, called depasisation, generates oligomers, dimers
and monomers. (iii) Some molecules are then resegnby receptors of microbial cells and
can go across the cytoplasmic membrane. The otldecoies stay in the extracellular
surroundings and can be the object of differentificadions. (iv) Assimilation occurs when
transported molecules integrate the microbial nwisim to produce energy, new biomass,
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storage vesicles and numerous primary and secomd@igbolites. (v) Concomitantly, some
simple and complex metabolites may be excretedraadh the extracellular surroundings
(e.g. organic acids, aldehydes, terpens, antilsio@tc.). Simple molecules as £, CH,,
H,O and different salts from intracellular metabditthat are completely oxidised are
released in the environment. This final stage iedamineralisation. The main focus in
biodegradation research has been on polyestersoandoil or compost biodegradation
because this is a major route of entry for packagiraterial especially developed for this
purpose. Biodegradation in aqueous media has mbstn neglected. There are a few
guidelines and methods available but almost no lasabeen published so far (Eubedeal.
2009). This area can be important because watablgopolymers (e.g. polyethylene glycol,
paints and dyes polymers) are used in especiatijg lamounts today (Eubeleral. 2009). In
recent years attention has been paid to the coenptetironmental performance of the paints
using the life-cycle assessment as a techniquectimasiders the total ecological impact of the
product (Hofland 2011).

Paints and coatings are uniformly dispersed misturaving a viscosity ranging from a
thin liquid to a semi-solid paste. The major ingeads of paints are the pigment, a material
which is ground to a powder and provides coloud #re binding medium, a film-forming
transparent material in which the pigment parti@des dispersed and forms the matrix that
hardens and binds the pigments on the paintedcguff@appitelliet al. 2005; Obidiet al.
2009). All the synthetic polymers used for the nfanture of paint and coatings are polymers
belonging to different chemical classes. Acryligmlyvinylacetates and alkyds are the
synthetic resins mainly used as paint binders (@appet al. 2006; Cappitelliet al. 2005;
Cappitelliet al. 2004; Domenech-Carbs al. 2006; Osete-Cortinet al. 2006; Weiss 1997).
Acrylic resins find use in a variety of paint andatings that support among others, the
automotive, and coil industries. The key attribofeacrylic coatings is their resistance to
hydrolysis during extended exterior exposure (weatly). In this respect, acrylic paints
exhibit superior performance to others coatingshsas improved corrosion and durability at
smaller film thickness (Weiss 1997).

Synthetic polymers have been widely used by aytestg). as binders, since™8entury
and over the past decades a range of range of etyntadhesives, consolidants, and
protectives have been used for conservation tredtineorder to enhance their long-term
preservation (Cappitelit al. 2007a; Cappitellet al. 2008; Cappitelliet al. 2004; Favarat
al. 2006). Even if synthetic polymer biodeterioratioccur also in polymers used in artistic
field as materials for conservation and in conterapo collections, the problem is still
underestimated (Cappitelét al. 2008) and the conditions of artistic object trdateith
synthetic polymers are sometimes worse than thdittons of untreated objects and, often,
biodeterioration of the added materials is a cafislee damage (Cappitebt al. 2006).

The physical and chemical structures of the polgnage the basic properties that affect
degradation and biodegradation (Massardier-Nagesittal. 2006). Unfortunately, little
information regarding the chemical characteristiod their variation in a population of paints
are present in literature. On the base of thesewevks, acrylic, ortho-phtalic alkyd and
nitrocellulose alkyd polymers seem to be most usedinders in spray paint formulation
(Govaertet al. 2004; Zieba-Palus 1999; Zieba-Palus 2005).

The high presence of nitrocellulose, a uniformlypsituted cellulose compound with
varying degree of nitration, as component of pdmmders should lead to a more
environmental attention because the presence rof ciimpounds materials in the wastewater
effluent causes severe environmental problems, togltity and provoking serious health
problems (Aueret al. 2005; El-Diwaniet al. 2009). Nitrocellulose is believed to be very
resistant to microbial attack (Auest al. 2005) because the conformational rigidity of
nitrocellulose molecule determined by strong intBoas of electronegative ONOgroups,
restricts its utilization in microbial metabolisnTgrasovaet al. 2005). However, also
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nitrocellulose could be a potential source of carlamd nitrogen for microorganisms. The
products of nitrocellulose degradation by naturadraflora, nitrooligosacclarides, have high
mutagenic activity, therefore nitrocellulose corsten into the natural compound cellulose is
of great importance (Petroehal. 2002). Concerning this, there are some papersdealth
nitrocellulose transformation in anaerobic conditoby the enrichment cultures of
sulfidogenic, metanogenic and denitrifying bacteffetrovaet al. 2002; Tarasovat al.
2005). The sulphate-reducing bacteria are a divgrsep of anaerobic bacteria that have the
ability to use sulphate as a terminal electron pimrein the consumption of organic matter,
with the concomitant production of,H. They are ubiquitous in the environment and have
crucial roles in the biogeochemical cycling of cartand sulphur (Dalgt al. 2000; Purdyet
al. 2002). Sulphate reducers can reduce other sulgirapounds (thiosulphate, sulphite and
sulphur) to sulphide or can reduce nitrate andt@ito ammonium. These microorganisms are
not only versatile in their metabolism, but alsdhe environmental conditions in which they
grow (Muyzeret al. 2008). Apart from their importance in nature, side-reducing bacteria
can be successfully used in bioremediation of itrdalsvastes and toxic metals (Barteiral.
2009; Changet al. 2004; Heet al. 2010; Muyzeret al. 2008). Among sulphate-reducing
bacteria, there are evidences that bacteriaestilfovibrio genus can act as the initial agents
in utilization of the polymer in a microbial consom. Nitrates that appear in the medium as
a result of hydrolysis of the nitroester bonds itrocellulose, are either metabolized by
bacteria possessing nitrate and nitrite reductesse@tees, or can be a source of nitrogen or the
electron acceptors for other members of the miatadmnsortium. Cellulose thus formed can
be attacked by microorganisms possessing cellidagtivity (Tarasovat al. 2004).
Bioremediation is an emerging in situ technology foe clean-up of environmental
pollutants using microorganisms. Microbial metadwliis now accepted as a safer and
efficient tool for the removal of many xenobiotiaulet al. 2005) and biodegradation can
be a key feature of synthetic polymers within trerfe of sustainable development (Eubeler
et al. 2009). In this sense, the study of bioremediatdnnitrocellulose used in paint
formulation is a fascinating task.



Chapter |

References

Auer N., Hedger J. N., Evans C. S. (2005). Degiadatf nitrocellulose by fungi. Biodegradation 15(229-
236.

Barton L. L., Fauque G. D. (2009). Chapter 2 Biaunlstry, Physiology and Biotechnology of Sulfate-Reitig
Bacteria. Advances in Applied Microbiology. Allen llaskin S. S., Geoffrey M. G., Academic Press.
Volume 68: 41-98.

Cappitelli F., Zanardini E., Sorlini C. (2004). Tlwodeterioration of synthetic resins used in coves#on.
Macromolecular bioscience 4(4): 399-406.

Cappitelli F., Vicini S., Piaggio P., Abbruscato, Princi E., Casadevall A., Nosanchuk J. D., Zaimarg.
(2005). Investigation of fungal deterioration ofnflyetic paint binders using vibrational spectroscop
techniques. Macromolecular bioscience 5(1): 49-57.

Cappitelli F., Principi P., Sorlini C. (2006). Biettrioration of modern materials in contemporarifections:
can biotechnology help? Trends in biotechnology8P4350-354.

Cappitelli F., Nosanchuk J. D., Casadevall A., BomiL., Brusetti L., Florio S., Principi P., Bort., Sorlini C.
(2007a). Synthetic consolidants attacked by melanidlucing fungi: case study of the biodeteriomatio
of Milan (ltaly) cathedral marble treated with dary. Applied and environmental microbiology 73(1):
271-277.

Cappitelli F., Principi P., Pedrazzani R., Tonialo Sorlini C. (2007b). Bacterial and fungal deteation of the
Milan Cathedral marble treated with protective &gtic resins. The Science of the total environment
385(1-3): 172-181.

Cappitelli F., Sorlini C. (2008). Microorganismaamk synthetic polymers in items representing autucal
heritage. Applied and environmental microbiology3)4564-569.

Cappitelli F. (2010). Sythetic polymers. Culturagiitage Microbiology: Fundamental Studies in Conagon
Science. Mitchell R., McNamara C. J., ASM Pres8-166.

Chang I. S., Groh J. L., Ramsey M. M., Ballard J, Rrumholz L. R. (2004). Differential expressiori o
Desulfovibrio vulgaris genes in response to Cu@dhd Hg(ll) toxicity. Applied and environmental
microbiology 70(3): 1847-1851.

Daly K., Sharp R. J., McCarthy A. J. (2000). Deystent of oligonucleotide probes and PCR primers for
detecting phylogenetic subgroups of sulfate-redybiacteria. Microbiology 146 ( Pt 7): 1693-1705.

Domenech-Carbo M. T., Osete-Cortina L., Canizard3. JBolivar-Galiano F., Romero-Noguera J., Fedem
Vivas M. A., Martin-Sanchez I. (2006). Study of theicrobiodegradation of terpenoid resin-based
varnishes from easel painting using pyrolysis-gdgomatography-mass spectrometry and gas
chromatography-mass spectrometry. Analytical arahBalytical Chemistry 385(7): 1265-1280.

Domenech-Carbo M. T. (2008). Novel analytical metthdor characterising binding media and protective
coatings in artworks. Analytica Chimica Acta 621(2)9-139.

El-Diwani G., El-lbiari N. N., Hawash S. I. (2009].reatment of hazardous wastewater contaminated by
nitrocellulose. Journal of Hazardous Materials 163); 830-834.

Eubeler J. P., Bernhard M., Zok S., Knepper T2B09). Environmental biodegradation of synthetitypeers I.
Test methodologies and procedures. Trac-Trendsalytical Chemistry 28(9): 1057-1072.

Favaro M., Mendichi R., Ossola F., Russo U., Sin®nTomasin P., Vigato P. A. (2006). Evaluation of
polymers for conservation treatments of outdoorosed stone monuments. Part I Photo-oxidative
weathering. Polymer Degradation and Stability 9)(3283-3096.

Govaert F., Bernard M. (2004). Discriminating repkay paints by optical microscopy, Fourier transfor
infrared spectroscopy and X-ray fluorescence. FiceBcei Int 140(1): 61-70.

Gu J. G., Gu J. D. (2005). Methods currently usetesting microbiological degradation and detetioraof a
wide range of polymeric materials with various aegof degradability: A review. Journal of Polymers
and the Environment 13(1): 65-74.

He Q., He Z., Joyner D. C., Joachimiak M., PriceN. Yang Z. K., Yen H. C., Hemme C. L., Chen Wel#s
M. M., Stahl D. A., Keasling J. D., Keller M., ArkiA. P., Hazen T. C., Wall J. D., Zhou J. (2010).
Impact of elevated nitrate on sulfate-reducing &aat a comparative study of Desulfovibrio vulgaris
Isme Journal 4(11): 1386-1397.

Hofland A. (2011). Alkyd resins: From down and datalive and kicking. Progress in Organic Coatihgs
Press, Corrected Proof.

Lucas N., Bienaime C., Belloy C., Queneudec M.veitre F., Nava-Saucedo J. E. (2008). Polymer
biodegradation: Mechanisms and estimation techsig@eemosphere 73(4): 429-442.

Massardier-Nageotte V., Pestre C., Cruard-PradeBdyard R. (2006). Aerobic and anaerobic biodegjdity
of polymer films and physico-chemical charactei@at Polymer Degradation and Stability 91(3): 620-
627.



Chapter |

Muyzer G., Stams A. J. M. (2008). The ecology amotdzhnology of sulphate-reducing bacteria. Nature
Reviews Microbiology 6(6): 441-454.

Obidi O. F., Aboaba O. O., Makanjuola M. S., Nwacohu S. C. (2009). Microbial evaluation and deteatan
of paints and paint-products. J Environ Biol 30(ffl): 835-840.

Osete-Cortina L., Doménech-Carbé M. T. (2006). @bearization of acrylic resins used for restoratafn
artworks by pyrolysis-silylation-gas chromatografshgss spectrometry with hexamethyldisilazane.
Journal of Chromatography A 1127(1-2); 228-236.

Paul D., Pandey G., Pandey J., Jain R. K. (200%kcessing microbial diversity for bioremediation and
environmental restoration. Trends in biotechnol2g¢3): 135-142.

Peris-Vicente J., Lerma-Garcia M. J., Simo-AlforSgp Domenech-Carbo M. T., Gimeno-Adelantado J. V.
(2007). Use of linear discriminant analysis appliedvibrational spectroscopy data to characterize
commercial varnishes employed for art purposeslytisa Chimica Acta 589(2): 208-215.

Petrova O. E., Tarasova N. B., Davydova M. N. (90&0technological potential of sulfate-reducinackeria
for transformation of nitrocellulose. Anaerobe 8&)5-317.

Purdy K. J., Embley T. M., Nedwell D. B. (2002).€l'Histribution and activity of sulphate reducingteaia in
estuarine and coastal marine sediments. Antoniel\¢@nwenhoek 81(1-4): 181-187.

Singh R., Paul D., Jain R. K. (2006). Biofilms: ilisations in bioremediation. Trends in microbiolog#(9):
389-397.

Stenuit B., Eyers L., Schuler L., Agathos S. N.,ofge |. (2008). Emerging high-throughput approactoes
analyze bioremediation of sites contaminated wihkandous and/or recalcitrant wastes. Biotechnology
Advances 26(6): 561-575.

Tarasova N. B., Petrova O. E., Davydova M. N., Kitginov B. I., Klochkov V. V. (2004). Changes inet
nitrocellulose molecule induced by sulfate-reduclmacteria Desulfovibrio desulfuricans 1,388. The
enzymes participating in this process. Biochemi@itgsc) 69(7): 809-812.

Tarasova N. B., Petrova O. E., Faizullin D. A., Pdeva M. N. (2005). FTIR-spectroscopic studiesh# fine
structure of nitrocellulose treated by Desulfowbdiesulfuricans. Anaerobe 11(6): 312-314.

Weiss K. D. (1997). Paint and coatings: A matudstry in transition. Progress in Polymer Scienz@p 203-
245,

Zieba-Palus J. (1999). Application of micro-Foutiemsform infrared spectroscopy to the examinatibpaint
samples. Journal of Molecular Structure 511-517-325.

Zieba-Palus J. (2005). Examination of spray paimysthe use of reflection technique of microinfrared
spectroscopy. Journal of Molecular Structure 744:229-234.

10



Chapter |1

Aim of thework

The degradation of synthetic polymers can be due to chemical, physical and biologica
factors. Biodeterioration of polymeric materials is an interfacial process caused by adhering
microorganisms that colonised material surfaces. Effects of degradation on polymers include
masking of surface properties due to the presence of microorganisms inhabiting surfaces,
embrittlement and loss of stability due to changes in chemical structure of polymers (e.g.
reduction in molecular weight due to chain scission or increase due to crosslinking), presence
of cracks and swellings due to penetration of microorganisms into the polymer matrix and
changes in polymers colour due to excretion of microbial pigments.

Synthetic polymer biodegradation presents undesirable and beneficia aspects. The first is
the loss of polymer function once the polymer has been applied to a surface and the second is
the positive effect of environmental risk reduction associated to synthetic polymers
bioremediation processes.

The current research will investigate both aspects of synthetic polymers biodegradation
used in paint and coating formulations, in particular acrylics and nitrocellulose, as paints and
coatings hold an important part of synthetic polymer markets. In particular, this PhD thesis
will have atwofold goal:

v' Characterise the microbial community associated to biodeterioration of an
acrylic polymer used as protective and consolidant, in order to study the
community structure and the microbial mechanisms involved in its deterioration. A
more knowledge of microbial communities inhabiting synthetic polymer surfaces
provide additional information about the relation between microorganisms and
synthetic polymer and might be useful in the comprehension of synthetic polymer
biodeterioration phenomena. Thus, it is the first step to identify microorganisms
potentially active against synthetic polymers.

v’ Study bacterial degradation of nitrocellulose in order to develop a
bioremediation process to remove nitrocellulose-based paints. Based on a better
knowledge of biodegradation pathways, more strains could be used in
bioremediation applications. In this regards, our aims will be to test the capability
of Desulfovibrio desulfuricans, a promising bacteria for nitrocellulose degradation,
to degrade nitrocellul ose-based paints.
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Microbial deterioration of artistic tiles from the facade of
the Grande Albergo Ausonia & Hungaria (Venice, Itay)*

Abstract

The Grande Albergo Ausonia & Hungaria (Venice Lidtaly) has an Art Nouveau
polychrome ceramic coating on its fagcade, which vessored in 2007. In the conservation
treatment the acrylic resin Paraloid B7Bave been applied as consolidant. Soon after the
conservation treatment, many tiles of the facadeow#ion showed coloured alterations
putatively attributed to the presence of microb@inmunities. To confirm the presence of the
biological deposit and the stratigraphy of the Hanmy tiles, stereomicroscope, optical and
environmental scanning electron microscope obsenaivere made. The characterisation of
the microbial community was performed using a PCRAEE approach. This study reported
the first use of a culture—independent approackdeatify the total community present in
biodeteriorated artistic tiles. The case-study ewath here reveals that the coloured
alterations on the tiles were mainly due to thespnee of cryptoendolithic cyanobacteria and
the treatment with the synthetic resin led to awcation by biodeteriogen fungi. In addition,
we proved that the microflora present on the tdes generally greatly influenced by the
environment of the Hungaria hotel. We found sever@roorganisms related to the alkaline
environment, which is in the range of the tile @dd related to the aquatic environment and
the pollutants of the Venice lagoon.

Introduction

Monuments can be degraded by physical, chemicald dological factors.
Microorganisms are among the principal biologiggts causing biodeterioration. Microbial
deterioration is related to both environmental ¢oonls and the physico—chemical properties
of construction materials (Giannantorgioal. 2009; Polcet al. 2010). Microorganisms cause
damage to stone surfaces through a variety of nmésiing, including chemical reactions with
the materials (e. g. microbial excretion of aggres®rganic or inorganic acids), physical
disruption (e. g. microbial production of extracédr polymeric substances (EPS) that can
cause mechanical stresses to the mineral structare) aesthetic alterations (e. g. the
production of pigments) (Cappiteti al. 2007a; Cunhat al. 2003; Polcet al. 2010; Yoonet
al. 2006). Dust, pollutants and, finally, synthetidymoers are potential additional substrates
for microorganisms (Cappitekt al. 2007a; Cappitellet al. 2007b).

Synthetic polymers have been widely employed bstbansolidants and water repellents
for the treatment of stone materials in objects hnitdings to prevent further deterioration
(Cappitelliet al. 2007a; Cappitellet al. 2007b; Favaret al. 2006). For long time synthetic
polymers used in conservation field have been demsd resistant to biodeterioration.
However, it has been found that also synthetic nesecan undergo rapid deterioration. As a

! Published as: Giacomucci L., Bertoncello R., Sabvad., Martini I., Favaro M., Villa F., Sorlini C.
Cappitelli F. (2011). Microbial deterioration oftiatic tiles from the facade of the Grande Albefyasonia &
Hungaria (Venice, Italy). Microbial Ecology 62(287-298.
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result, treated objects are sometimes in worse itondg than untreated objects and,
moreover, biodeterioration of the added materiady fve a cause of the damage (Cappieelli
al. 2007b). The study of microbial community structeteanges due to synthetic polymer
treatments is therefore a crucial step in cultbeltage conservation.

The case-study under investigation was the facddieo Grande Albergo Ausonia &
Hungaria, one of the most prestigious hotels orlLtte of Venice (Italy). The Hungaria hotel
facade is completely covered with Art Nouveau pbigeme ceramic tiles. In 2007 the facade
underwent conservation treatment to consolidaterséy damaged tiles and to remove dark
spots present on its surface. Tiles on the firsizbatal register were then treated with the
commercial synthetic resin Paraloid B78s consolidant and protective product. After the
2007 conservation treatment some tiles showed oedoalterations between the pottery and
the glaze layers, putatively attributed by consiemgto microbial growth.

Ceramic has been used as an ornamental matemalaintiquity. To create ceramics, clay
is mixed with water and subsequently air—dried anbjected to fire (Takeuchi 2006). Tiles
are generally ceramic plaques glazed on one side.

Microorganisms cause physical deterioration onekiernal part of ceramics, leading to
surface detachment and increased porosity. Bioatsndeterioration is due to microbial
metabolism that produces acids that can solulifiseoriginal pottery materials (Peregtal.
2011). The produced salts are often highly watkrde and increase the water content of the
porous material. Microbiological deterioration ia anderestimated problem as microbial
physico—chemical attack cannot be easily distingrdsfrom other sources of damage (Pereira
etal. 2011).

The aim of this work was to confirm the microbiadterioration, to characterise the
microbial community present on the ceramic tileshef Grande Albergo Ausonia & Hungaria
facade and to study changes in the microbial conimwue to the presence of Paraloid
B72°. To date, only one study concerning microfloraspre in artistic ceramic tiles using
optical microscope observations (Olivegtaal. 2001) and another dealing with the effect of a
lichen on sekishu glazed roof-tiles (Felsenste®B)@re available in the scientific literature.

Methods

Description of Hungaria Hotel

In 1914 the Neo—Renaissance facade of the Grandergd Ausonia & Hungaria was
coated with Art Nouveau polychrome ceramic tilevering approximately 800 m The
facade is ornamented with pilasters made of whtt @loured tiles, and high or low relief
decorations. Hungaria tiles are painted and glastdt stoneware; in particular, the glaze
process was made through complete immersion irttadfacrushed glass dispersed in water,
meaning that they were completely glazed by a attselayer (Marata 2008). In 2007 the
facade underwent conservation treatment to coraeliseverely damaged tiles, e.g. showing
cracking, and to remove dark spots present onuitee. Stained tiles were cleaned using
water, hydrogen peroxide and sodium hypochloritealfy, tiles on the first horizontal
register were treated with the commercial synthetisin Paraloid B72 (copolymer
methylacrylate—ethylmethacrilate), as the consalidend protective product. Soon after the
intervention both treated and untreated tiles slibowaoured alterations between the pottery
layer and the glaze.
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Sampling

Figure 1 shows the sampling areas and the sangkea from each area. Sampling areas
were selected by visual inspection of putative dhalal alterations in order to obtain
representative samples. Details of sampling areagigen in Figure SI-S1.

Sampling area a b | [
Samples [T I IV |V VIIVID VIITIX X XTI XIT XTI XTIV XV XVI XVID XVIIT XIX

Figure 1. Sampling areas (black dots) and the relate samples on the Grande Albergo Ausonia &
Hungaria facade.

All the tile samples were taken by sterile chisetl sstored in sterile tubes at room
temperature. Samples | to VIII and from Xl to XV#te fragments of glazed pottery showing
coloured alterations (black, green—yellowish, gregayish) below the glaze layer, putatively
attributed (visual inspection) to the presence afroorganisms. Samples IX and XIX are
from mortar, taken between two deteriorated tikesgd sample X is a putative biological
deposit taken by scraping off the balcony surfdaetails of sampling points are given in
Table SI-S1.

Tile pH measurement

Sample pH was measured according to the concrefigceuield test (Grublet al. 2007)
except for the quantity of sample, which was of feilligrams, and the quantity of deionized
water (2 drops).

Stereomicroscope, optical and epifluorescence migocope observation

Samples were observed using a Wild Makroskop M5#&esimicroscope (Heerbrugg,
Switzerland), equipped with a Nikon E5600 camerai¢&go, USA).

Polished cross—sections were obtained after inotudamples in a polyester resin (New
Basic) and observed under a Wild M3 stereomicroscapd a Leitz Orthplan microscope
equipped with a Leica DC300 camera.

Optical and epifluorescence observations of tilegas were carried out with a Leica
DM4000B, digital epifluorescence microscope equippeith Cool-Snap CF camera
(Photometrics, Roper Scientific), pictures wereusiegl using RS Image Ver. 1.7.3 software
(Roper Scientific) after sample grinding. DAPI siag was performed without sample
fixation according to Villaet al. (2009) in order to confirm the biological origihtbe patina.
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ESEM-EDX observation

Observations of the glass surface and polishedsesestions were performed by a Fei
Quanta 200 FEG-ESEM instrument to evaluate thenpedymorphology and distribution and
the cell size and cell location in tile samplese Hemi—quantitative elemental compositions
were obtained by an Energy Dispersive X-ray Spewtter EDAX Genesys, using an
accelerating voltage of 25 keV. The samples weseonied directly, without any preliminary
conductive coating.

MicroFTIR analysis

The samples collected were placed on a gold pladeraated with a few drops of CHCI
to extract any potentially present soluble orgdraction. After gentle solvent evaporation,
the soluble residue, distributed as a halo arobedsample, was analysed using microFTIR.
A Nicolet microscope connected to a Nicolet 560 FEBlystem, equipped with a Mercury
Cadmium Telluride (MCT) detector and OMNIC32 softejavas used for spectra collection.
The size of the sample area investigated was &if»tB0um. The IR spectra were recorded
in reflectance mode in the range of 4000—-650'cmith a resolution of 4 ch

DNA extraction

Before DNA extraction all the samples were grousthg a sterile mortar and pestle.
Total DNA was extracted directly from the sampkesdescribed by Pok al. (2010).

Analysis of the Bacterial community

The 16S rRNA gene fragment extracted from the sasnliles, mortar and putative
biological deposit) were amplified with primers G&7 F and 907 R with chemical
conditions and a thermal cycling program as repoltg Poloet al. (2010), except for the
dNTP mix concentration of 0.2 uM.

Analysis of fungal community

The internal transcribed spacer (ITS) region fragimevere amplified by a semi—nested
PCR performed as follows: a first amplificationstgsing the combination of primers NS5
and ITS4 (Whiteet al. 1990) with 1 X of PCR Buffer, 1.8 mM of Mg§10.2 mM of dNTP
mix, 0.5 uM of each primer and 0.625 U of Tag DN#ymerase (GoTaq, Promega) in 25 pul
PCR reaction; the cycling program consisted inratial denaturation at 95 °C for 3 min
followed by 30 cycles of denaturation at 95 °C 4& s, annealing at 52 °C for 45 s and
extension at 72 °C for 2 min, and a final extensibid2 °C for 10 min. The first PCR product
was used as template for a second amplificatign@eformed with the primers ITS4 and GC
clamped ITS1 (Gardes et al. 1993) (GC clamp:
5-CCGGCGCCGCGGCGGGLCGGGGLCGGGGGCACGGG-Fhe reaction mixture was
identical to first—step PCR except for 0.12 mM BFIdP mix and 0.3 uM of each primer. The
cycling program consisted in an initial denatunatad 94 °C for 5 min followed by 35 cycles
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of denaturation at 94 °C for 45 s, annealing atG&or 45 s and extension at 72 °C for 2 min,
and a final extension at 72 °C for 10 min.

Analysis of the phototrophic community

The 8" dominium of 23S gene fragments were amplified YGE-PCR performed with
primers p23SrV-F GC clamped (GC clamp:
5-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGEKaAd p23srv-R
(Sherwoodet al. 2007) with the following chemical conditions: 10 PCR Buffer, 1.8 mM
of MgCl,, 0.2 mM of dNTP mix, 0.5 uM of each primer and 2ofJTaq DNA polymerase
(Invitrogen) in 50 pl PCR reaction. The thermal loyg program included an initial
denaturation at 95 °C for 2 min, followed by 35 legcconsisting of denaturation at 94 °C for
30 s, annealing at 57 °C for 30 s and extensiat2&C for 30 s, and a final extension step at
72 °C for 10 min.

Denaturing Gradient Gel Electrophoresis (DGGE) andsequencing

The DGGE analysis was performed with 6 % polyacnytke (6 % of a 37:1 acrylamide—
bisacrylamide mixture (Sigma) in a Tris acetate BOTAE) 1 X buffer (Sigma), 0.75 mm
thick, 16x10 cm) gels prepared according to Rblal. (2010). Denaturant gradients were 40
%—-70 % for bacteria and the phototrophic communatyd 30 %—-60 % for the fungal
community. The DNA fragments were separated bytephoresis run for 17 h at 90 V,
performed by the D—Code Universal Mutation Detattgystem (Bio—Rad). The gels were
stained by SYBR-Green (Armerscham Pharmacia Bidteckl the results observed by a
GelDoc (Bio—Rad) apparatus. Individual lanes of thed images were straightened and
aligned using Adobe Photoshop (Adobe System Ingatpd). The excised bands were eluted
in 50 pl milli-Q water by incubation at 37 °C for Iy re—amplified and identified by
sequencing (Primm, Milan). The sequences were sedlysing the BLASTN software
(www.ncbi.nlm.nih.gov/BLAST) and the Classifier tody Ribosomal Data Project
(http://rdp.cme.msu.edu/classifier/classifierjsp

Results

Stereomicroscope, optical, epifluorescence and eflemic microscope observation of the
coloured alterations

Using a stereomicroscope we observed in sampe¥Iitand Xl to XVIII the coloured
alteration at the interface glaze-pottery (see feiga—b and Figure 4a) with an average
thickness of about 250m with a maximum of 80Qm in sample XVI (Figure 2b). In samples
Xl and XlI the coloured alteration was mainly iretpottery layer (see Figure 2f—g and Figure
4b).

The optical, DAPI and electronic microscope (ESEbservations confirmed the
presence of microbiological cells forming a biofjlmhich often included tile material (Figs.
2 ¢, h, e, I). We mainly observed smaller (diaméte2 um) and bigger (diameter 3-dm)
coccoid cells (Figures 2c and 2h). Due to the sm@é, and the autofluorescence, the
presence of cyanobacteria was hypothesized (Figdesnd 2i).
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samples XVI (b) and XlI (g); yellow arrows indicate coloured alterations. Optical microscope images of
biological deposits obtained after grinding sampleXVI (c) and XllI (h); autofluorescence of samples XI
(d) and XII (i) under Texas Red filter cube; ESEM dservation of sample XVI (e); DAPI staining of
sample XII (I) under DAPI filter cube.

pH measurement, ESEM-EDX observation and microFTIRanalysis of the tile materials

Tile pH was 9 — 9.5 for all samples.

The polymer was found only in samples XI and Xlig(ife 3b—c and Figure 4b), and was
identified as Paraloid B72by microFTIR analysis (Figure 3d—f). In samplel, XII and
XIIl we observed a superficial chemical depositEBE §EM—EDX that, in samples |, XI and
XIl, was identified as air particulate matter (datat shown), and in sample XIII (Figure 3h),
as guano, due to the presence of high value ofucaland phosphor, absent in sample XVI
(Figure 39).

Analysis of total community

The composition of the total community was deteedibby DGGE analysis coupled with
a partial sequencing of the 16S rRNA genes, IT®regnd the B dominium of the 23S gene
fragment for bacteria, fungi and both prokaryotid @ukaryotic algae respectively.

Amplification with 16S rRNA bacterial primers shogveesult for all samples except for
XV and XVI. In the fungal community study all thersples were amplified. Finally
amplification products were found for samples 1-W{-X, XIlI-XV, XVII and XIX using
the plastid primers.

Figure 5 shows the DGGE profiles of amplified sagsfdbr all the microbial communities
investigated.

Based on identical mobility within the gel, bands\216 and 11 (Figure 5a and 5b) were
the most dominant DGGE bands in all samples excepample X (biological patina) and
XIX (mortar). These DGGE bands were identified@sato cyanobacteria (100% from RDP).
In Figure 5c¢, bands 17, 19 and 20 were related/amabacteria of the order Chroococcales
that were present and dominant in all samples exoepsamples X and XIX, where
Rosenvingiella was found (bands 12 and 13).

Bands 6A (84% Flexibacteriaceae from RDP), 10A (84&hylibium from RDP) and
18A (100%Pedobacter from RDP) in Figure 5a were present in many sam@ad they were
dominant in samples X! and XII (samples that shothedpresence of Paraloid B%2
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Figure 3— Back scattered electron images collectéabm the surfaces of samples I (@), XI (b) and Xlc) at
magnification 50x, 80x and 100x respectively. Pottg is the grey layer; the glaze layer is in whitewhile
the white arrows clearly indicate the dark amorphots coating corresponding to the applied polymer. IR
spectra of the amorphous material collected from saple Xl (d), sample Xll (e) and reference spectrafo
commercial product Paraloid B72 (f). The good fitthg of absorbance patterns collected from the sampde
Xl and XII with the reference spectra confirms the acrylic polymer nature of the coating on the tiles
surfaces. EDX spectra collected from the outmost sface of samples XVI (g) and Xl (h). (g) EDX
spectrum without any presence of deposits on the gace. The presence of C4PQ,), is suggested by the
elements Ca and P, highlighted by the black arrowsn spectra (h).

Biofilm Glaze PB72

) s s —

a Pottery™ , Biofilm

Figure 4— Schematic representation of samples I-Miland XIII-XVIII, which are characterised by the
absence of the acrylic resin (a) and samples XI-Xllwhich are characterised by the presence of the
synthetic polymer (b). PB72 stands for the acrylipolymer-based Paraloid B72. The star indicates acher
microbial community, with the presence of black fuigi, such asPhoma, and bacteria asMethylibium sp.
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Bands 17B and 25 in Figure 5d, correspondingStorobolomyces coprosmae, were
present in samples Ill, IX, XI-XVI and XVIIl. Ban@8 (Figure 5d), related tBhoma was
present in all samples that showed Paraloid®Bsf#] in sample XIII, collected very closely to
them.

DGGE bands showed in Figure 5 were excised, re-+aetpand sequenced. We could not
obtain sequences of good quality for few bandsowf intensity, but likely these originated
from non-dominant species in the population, andevwtkie to PCR biases derived from the
complex matrix of the tiles, rich in salts. Goodjgences were reported in Tables 1, 2 and 3.
Twenty—four sequences were obtained from the stdidlige bacterial community by BLAST
in the RDP and NCBI databases. Sequence homoltgssguences of known bacteria in the
NCBI database ranged from 91 % to 100 %. Phylogeaéiliations of excised DGGE bands
were represented by phylum Proteobacteria (27.3B#qteroidetes (27.3 %), Actinobacteria
(27.3 %) and Cyanobacteria (4.5 %). Five sequemaas obtained from the study of the
fungal community by BLAST in the NCBI database. $&®tce homologies to sequences of
known fungi in the NCBI database ranged from 88%Q0 %. Two sequences were obtained
from the study of the phototrophic community by B&A in the NCBI database. Sequence
homologies to sequences of known phototrophic roiganisms in the NCBI database
ranged from 90 % to 95 %.
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Figure 5— DGGE analysis of the microbial communityof Hungaria hotel. (a, b) Bacteria, denaturing
gradient 40 %—70 %. Samples X (biological patina) md XVII (glazed pottery) were used as makers and
loaded in the first and latter wells in both gels(c) Algae, denaturing gradient 40 %-70 % and (d) Faogi,
denaturing gradient 30 %—60 %.
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Table 1- Identification of partial 16S rRNA gene sguences from bacterial DGGE profiles. A cross indiates the presence of the taxon in the sample.
had not showed sequence information is not cited.[® sequence data are given when they provides mauhylogenetic information than BlastN results.

SampXIX that

Bands Samples

BlastN reference strains

I v v Vv Vi IX X Xl Xl Xl XIV XV Il XVIII  Closest relative strain Strain Accession number Similarity (%)
1 X Uncultured beta proteobacterium AF529102.1 91
27A 98
2 X Spirosoma aquatica WPCB128 EF507901.1 98
3 98
5 97
28A 98
29A 97
4 X Chlorella saccharophila (chloroplast) 211-1d D11349.1 99
26A 99
6 Oxalicibacterium faecigallinarum AB469788.1 94
7 Uncultured beta proteobacterium C-CY80 AY622237.1 100
31A 99
8 X Uncultured bacterium FN298036.1 97
10 X Microcella putealis AJ717387.1 99
16 X X X X X X X X X X X X Uncultured bactem QB52 FJ790622.1 95
20A (100% cyanobacterium 95
25A according to RDP) 96
33A 95
12 X X X X X Uncultured alpha proteoleaictm D2HO08 EU753667.1 99
23A 100
13 X X Yonghaparkia alkaliphila KSL-133 DQ256088.1 99
13A 99
14 X X Unculturelicrocella sp. EU375016.1 99
17 Pseudonocardiaceae bacterium RGIB05525 AB511316.1 98
15 X Unculturelllethylibium sp. AM940904.1 98
1A X X X X X X Uncultured Bacteroidetes FM877671.1 96
4A X X Uncultured soil bacterium P220 EF540530.1 95
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Table 1—(continued)

Bands Samples

BlastN reference strains

| 1] nm v v v vl Vi IX X Xl Xl Xl XIV  XVII  XVIII  Closest relative strain Strain Accession number  Siitarity (%)
6A X X X X X X X X X X X X X Uncultured Flexibeeraceae delph2C8 FM209167.1 99
19A (84% Flexibacteriaceae from RDP 99
24A 99
10A X Methylibium sp. BAC115 EU130970.1 98
(849Methilibium from RDP)
17A X Uncultured actinobacterium ZIN998.1 96
18A X X X X X X Uncultured Bacteroidetes A23YD19RM FJ569360.1 99
(1009%edobacter from RDP)
32A X X Uncultured bacterium CAR-ZP6B12  FN298032.1 95
34A X Uncultured bacterium FW1_b17 Q%53343.1 96
2A X X Uncultured cyanobacterium $0826.1 95
11 (100% cyanobacterium accordmBDP) 95
7A X Mesor hizobium sp. AB246802.2 93
8A X Uncultured alptv@teobacterium FJ184008.1 92

Table 2— Identification of partial ITS region sequaces from fungal DGGE profiles. A cross indicatesie presence of the taxon in the sample.

Bands Samples BlastN reference strains

NIV o IX XE X X XIV. XV XVIE XVII Closest relative strain Strain Accession number  Siitarity (%)
8 X Uncultured ectomycorrhiza (Dothioragea MTB121906A-07H  FJ266724.1 98
9 X X Aureobasidium pullulanss G7b DQ659338.1 95
17A X X Fungal endophyte 282A GQ120994.1 88
17B,25 x X X X X X Sporobolomyces coprosmae HB 1219 AM160645.1 100
28 Phoma herbarum / DQ132841.1 97

[11 eideyd




Table 3— Identification of partial V dominium of 23S gene sequences from algal DGGE profiles. A crosslicates the presence of the taxon in the sample.

Bands Samples BlastN reference strains

I v vV VEIX X X XIV XV XVIE XIX  Closest relative strain Strain  Accession number Siitarity (%)
12 X X  Rosenvingiela radicans G00005 EF426575.1 94
13 95
17,19,20 xX X X X X X X X X X X Synechococcus lividus C1 DQ421379.1 90
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Discussion

To date, no molecular studies concerning microflamaartistic ceramics are available. A
pioneer study on this topic was carried out by @f& et al. (2001), who made optical
microscopic observations of glazed ceramic tilestlom facade of Salvador and Belem
buildings (Brazil). However, the above—mentionedthau has reported no further
investigations apart from the documenting of thespnce of Cyanophyta and Bacilliarophyta.
Therefore, we present here the first molecular attarisation of a microbial community
present on artistic ceramic.

Denaturing gradient gel electrophoresis (DGGE) amdjuencing from total DNA
extracted from Hungaria samples were used to ifyetdixa of microorganisms causing
coloured alteration and verify that Paraloid B¥@as the best consolidants to be used.

The molecular analysis of the total community shdwet bacteria, eukaryotic algae and
fungi were present. Since the principal deterioratappearing on the Hungaria hotel is a
coloured deposit, most likely due to the growthboth prokaryotic and eukaryotic algae, we
employed, for the characterisation of the photdirogommunity, a recent set of primers
(p23SrV) designed by Sherwood and Presting (208&)e we present the first use of p23SrV
primers for DGGE analysis.

Combining the results obtained from sequencingawftdrial 16S and phototrophic 23S
fragments we found cyanobacteria in all tile sampledependently on the position of
biofilms either below the glaze or in the pottetyut not in the biological deposit taken from
the balcony.

Cyanobacteria are very common on monuments, fampbkathey have been detected on
Ca’ d’Oro (Venice) (Praderiet al. 1993), on glazed ceramic tiles from Portugal amazB
(Oliveiraet al. 2001), and, in general, on sculptures and buikl{@unhaet al. 2003; Macedo
et al. 2009; Poloet al. 2010) exposed to high humidity, running—off wateigh and low
temperatures, as well as wetting/drying cycles laigth UV exposure (Portill@t al. 2009).
Using primers specific for the phototrophic comnmynbands 17, 19 and 20 were identified
as a cyanobacterium of the order Chroococcalegshwikithe most widespread order present
on stone monuments (Macedb al. 2009; Rindi 2007). In addition to the productioh o
extracellular polymeric substances and pigmentmesgpecies of this order are able to
precipitate magnesium and calcium (Rindi 2007).

The cyanobacteria (100 % from RDP) detected onHuegaria tiles using 16S rRNA
primers showed high similarity to uncultured baietetetected in a sample from the Tibetan
tundra in which the community was mainly composgdadccoid cyanobacterial cells (Wong
et al. 2010).

The presence of coloured deposit in depth intopibitery layer detected by microscope
observations of Hungaria tiles with cracks and tfrees is indicative of a cryptoendolithic
niche. The fact that the microbiological deposiswacated between the glaze and the pottery
layer made the collect the entire biomass and agtirthe quantity of cyanobacteria against
the whole community not possible. Endolithic miaigemisms, the most widespread of them
are cyanobacteria, occur in various habitats, sschot and cold deserts and were reported to
exist also in monuments (de los Retsal. 2007; Horathet al. 2006; McNamarat al. 2006;
Norris et al. 2006; Sigleret al. 2003). In extreme environments, endolithic growtbvides
protection from low temperature, UV radiation, addsiccation and provides mineral
nutrients (Horatlet al. 2006; Macedat al. 2009; McNamarat al. 2006; Norriset al. 2006;
Sigleret al. 2003). In Hungaria samples we found small cocceits (from 1-2 to 3—m).
de los Riost al. (2007) found spherical to oval shaped cells of1.8um in size in granite
rocks collected in Antarctica, while in dolomiteckoin central Switzerland, Horat#t al.
(2006) detected coccoid cyanobacteria not only iagles 3—6 um cells, but also as
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multicellular aggregates. On external stone anttlimg surfaces, high light levels may favour
endolithic growth by cyanobacteria. Del Monte arabldoni (1983) reported a perforating
activity of endolithic cyanobacteria inhabiting cka and fissures in the marble of monuments
in Torcello Island, near Venice. Especially whedaithic microorganisms are present, water
absorption by the biofilm matrix causes mecharsti@ss that opens cracks and fissures in the
material (de los Rioat al. 2007; McNamarat al. 2006).

The eukaryotic algae of the Hungaria hotel weranébanly in the mortar samples and on
the first floor stone balcony, never on the ceratigs, and they were epilithic. In this study,
chloroplasts of the phylum Chlorophyta were detctehich was represented by the genus
Chlorella (99 % of similarity). Green algae have alreadyrb&®ind in Venetian buildings
made of stone and marble (Pradeagtial. 1993) and, in particulaGhlorella sp. was found on
Ca’ d’Oro (Salvadoret al. 1994). The other eukaryotic alga found in this kvoands 12 and
13, is a green alga of the order Prasiolales thatidespread in temperate regions, in a wide
range of terrestrial and littoral habitats (Rindd0Z). Microorganisms of the order of
Prasiolales have been detected in very high amoont€ement and bricks in Galway
(Ireland), and at the base of walls, in corners amgrotrusions of buildings in Oviedo and
Ledn (Spain) (Rindi 2007). Moreover, the abundavfcthese algae in places affected by bird
guano is well-documented (Rindi 2007). We foundnguan sample XIII that was collected
very close to the balcony wheResenvingiella was detected (band 13).

Another microorganism present mainly in the sangphnea d was the red—coloured yeast
Soorobolomyces coprosmae (Weberet al. 2005).

In conclusion, the colour of the deposit presentha tile samples and the greenish
alteration on the balcony are most likely mainlyedo the presence of cyanobacteria and
eukaryotic algae respectively.

Paraloid B72 was detected in samples XI and XII. This syntheggin, frequently used in
the conservation of ceramic tiles (Vazal. 2008), was applied during the 2007 restoration of
the hotel facade. The fact that no polymers weoadoon the surface of other samples (XIlI—
XIX), which had most likely been treated with thesin, could be due to photooxidative
depolymerization and the wash out of resin fromtileesurfaces (Favaret al. 2006; Favaro
et al. 2005).Phoma was found in all the samples in which we deted®adaloid B72, and
also in one without any evidence of polymer butiemted in sampling area d, which was
treated in the 2007 restoration. Melanised fungichsasPhoma, are among the most
damaging fungi, attacking and penetrating the sedaf stone monuments (Cappitetlial.
2007b). In the study by Cappitelt al. (2007b) on melanin—producing fungi that attack
synthetic polymers used in cultural heritaties Phoma genus was found. The presence of an
uncultured Bacteroidetes (band 18A) aviethylibium sp. (bands 15 and 10A) can be due to
the fact that Bacteroidetes show hydrolytic acgivibward polymeric substances and
Methylibium can grow on organic pollutants (Bomhal. 2009). In addition, when Paraloid
B72 was present, the biofilm was located in a de@psition than in samples without any
evidence of the resin, as also suggested by AnidoSaiz-Jimenez (1996).

During this study several microorganisms relatedralkaline environment, which is the
range of the tile pH, were found. Among the Badtites we found two uncultured bacteria
(bands 8 and 32A) that were previously found inRieenan Necropolis of the Carmona tomb,
carved in a calcarenite bed, an alkaline mateBath microorganisms are taxonomically
related toHymenobacter (100 % from RDP), and were detected in the sangilen from the
first floor balcony. ManyHymenobacter species have been isolated from air and alkabiig s
indicating a possible relationship based on desmtand alkaline tolerance (Schloatsal.
2009). In another studyedobacter, the most probable taxon (100 % from RDP) forkihad
18A, was detected in alkaline painted and unpaiotetrete structures by (Giannantoeio
al. 2009). Finally, Bacteroidetes were also detectethe highly alkaline saline soil of the
former lake Texcoco in Mexico (Valenzuela-Encina al. 2009). Among the
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Betaproteobacteria found, oneMsnghaparkia alkaliphila (bands 13 and 13A), bacteria that
live in natural alkaline environments (Yoehal. 2006). From the study by Hyvarinehal.
(2002), Actinobacteria were found especially oraoac products, which may be due to their
capability to tolerate alkaline conditions. Relatedhis, Actinobacteria were also detected in
frescoes from two different churches in Siena y¥)taboth of them showing an alkaline
environment (Milanesiet al. 2009). Among this phylum we found one uncultured
Actinobacteria (band 17A) that was previously foundhe Roman Necropolis of Carmona
tomb, carved in a calcarenite bed and the mostecklbacteria to the band 1Blicrocella
putealis, bacteria that live in natural alkaline environnsefTiagoet al. 2004).

Taking into account the natural environment in Wahibe hotel is built, the Venice
Lagoon, it is not surprising to find microorganisemrelated with aquatic ecosystems and
halophilic microorganisms. As an exampkreobasidium, which was detected in two
samples near the ground, is from a study on thersity of marine yeasts, and was previously
found in building and ceramic materials and in ratsalterns (Hyvarinegt al. 2002; Jurado
et al. 2008). Also black fungi were detected on hypengabalt pans (Chertaat al. 2004).
Bacteroidetes have frequently been found to be damiin marine ecosystems (Valenzuela-
Encinaset al. 2009); moreover, Borist al. (2009) reported that this phylum was widespread
in the Venice Lagoon. Another Bacteroidetes thas watected in the biological deposit
present on the balcony Bpirosoma aquatica (bands 2, 3, 5, 28A and 29A), a bacterium
isolated from freshwater. Alpha and Beta Proteabactwvere detected during a study about
biofilm formation and succession, occurring on theface of unglazed ceramic tiles in an
artificial reef deployed in the northern Gulf ofl&i (Siboniet al. 2007). Finally, also the
order of Chroococcales (one of the cyanobactertactied in tile samples) is abundant in
marine and freshwater areas (Rindi 2007). Theretbee high salt concentration of the
environment near the Hungaria Hotel is an importaator in the selection of the microflora
present on its facade.

The Venice Lagoon is contaminated by heavy meksldrocarbons, polycyclic aromatic
hydrocarbons, polychlorinated biphenyls from indast urban and agricultural sources
(Borin et al. 2009). Some of the bacteria detected in this st@ihout substratum
preferences) are correlated with pollutants. Theuliared Microcella sp. (band 14) was
found in shoreline environments (Spain) affectedtly Prestige oil spill (Tamuret al.
2007), two uncultured Beta Proteobacteria and awltured Bacteroidete®ands 1, 27A, 7,
31A, 1A) were found in studies about the microlmmammunity in sites contaminated by
trichloroethene and uranium, amkthylibium sp. (band 10A) was found in filters used in
water treatment for the removal of natural organatter and organic micropollutants (Magic-
Knezevet al. 2009).

The massive growth of microorganisms soon afterréséoration might be explained by
the water content of the tiles. Presence and iseresf water inside the ceramic tiles
completely glazed by a vitreous layer partiallyoked, as for instance in the case of Hungaria
hotel, can be physically associated to the phenanwncapillarity interesting masonry
buildings. If the walls are covered by a partigigrmeable or impermeable layer as for
instance the vitreous mosaics covering the wallSaf Marco Basilica in Venice, the wet
zone reaches up to several meters above the g(Bakdlaset al. 1995).

In conclusion, it was proved that the deterioratainthe tiles was mainly due to the
presence of microorganisms. The rapid reappearingolmured alterations soon after the
2007 restoration, which included the use of biogjdeas likely favoured by the water content
and organic substances, some of which added dtinegonservation treatment. Paraloid
B72° was not the best consolidant polymer to be usgdtie long-time conservation of the
ceramic tile of Hungaria hotel. For a long term mb@nance plan, an immediate series of
corrective measures, finalised to a more efficieomservation of the Hungaria facade is
strongly suggested.
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SUPPORTING INFORMATION AVAILABLE

Additional Figures and Tables are provided in Appen.
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Degradation of nitrocellulose—based paint bybesulfovibrio
desulfuricans ATCC 13541

Abstract

Nitrocellulose is one of the most commonly used pgoumnds in ammunition and paint
industries and its recalcitrance to degradationahasgative impact on human health and the
environment. In this study the capability Desulfovibrio desulfurican®ATCC 13541 to
degrade nitrocellulose as binder in paint was asb&gr the first time. Nitrocellulose—based
paint degradation was followed by monitoring theiatgon in nitrate, nitrite and ammonium
content in the culture medium using ultravioletiMis spectroscopy. At the same time cell
counts and ATP assay were performed to estimatéet@cdensity and activity in all
samples. Infrared spectroscopy and colourimetri@suements of paint samples were
performed to assess chemical and colour changedodtiee microbial action. Microscope
observations of nitrocellulose—-based paint samplemonstrated the capability of the
bacterium to adhere to the paint surface and chtmggpaint adhesive characteristics. Finally,
preliminary studies of nitrocellulose degradatioathpvay were conducted by assaying
nitrate— and nitrite reductases activityDin desulfuricanggrown in presence or in absence of
paint. We found thaD. desulfuricandATCC 13541 is able to transform nitrocellulosgast
binder and weypothesisesmmonification as degradation pathway. The resuiggest thabD.
desulfuricansATCC 13541 is a good candidate as a nitrocellidegrading bacterium.

Introduction

Nitrocellulose, one of the most important and oldeslulose derivative, is principally
used as binder in paint and a bulk ingredient impguvder formulations (Auest al. 2005). In
addition, many materials commonly used in dailg,lguch as printing inks, decorative films,
and pharmaceuticals, contain nitrocellulose (El-fnwet al. 2009; Souzeet al. 2005). The
explosive and toxic properties of nitrocellulosel ats recalcitrance to degradation make the
compound harmful for human health and the envirorin(gl-Diwani et al. 2009; Freedman
et al. 1996; Souzat al. 2005). In this respect, although nitrocellulosest@a from industries
(e.g. ammunition material and paint industries) dmisehold hazardous waste, which
consists of waste from a number of household prgdweontain increasing nitrocellulose
content, only limited research effort into nitrdo&@se waste treatment have been reported
(Auer et al. 2005; El-Diwaniet al. 2009; Freedmaset al. 2002; Petrovat al. 2002; Slacket
al. 2005; Souzeet al. 2005). Currently, the disposal of nitrocellulose darried out by
different processes, including membrane separgtimecesses to enhance recovery of the
fines, detonation, incineration and controlled l@mperature thermal denitration, but these
treatments produce dangerous airborne particulates pan residues containing toxic
materials (Aueet al. 2005; Freedmaet al.2002). For this reason, it would be appropriate to
develop methods to degrade nitrocellulose in anrenmentally safer and more economical

! Submitted for publication to Biodegradation: L.aGdmucci, F. Toja, P. Sanmartin, L. Toniolo, B.eRyj F.
Villa, F. Cappitelli. Degradation of nitrocellulosiegased paint bpesulfovibrio desulfuricanTCC 13541.
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way. Biological methods could be promising becabs&ransformation could produce
environmentally safe products at potentially lowests (Freedmaet al. 1996).

Microorganisms are able to degrade nitrocellulogénm pathways: i) cleavage f+1,4—
glucoside bonds that produces nitrooligosaccharadesrious length, normally carried out
by fungi (Aueret al. 2005; Freedmaet al. 2002; Petrovat al. 2002; Tarasovat al. 2004),
and ii) nitrocellulose denitration that reduces thegree of nitro substitution, generally
performed by bacteria (El-Diwargt al. 2009; Tarasovat al. 2004; Tarasovat al. 2005).
Since nitrooligosaccharides have mutagenic prageer(Petrovaet al. 2002), the second
pathway is preferred over the first for exploitatias a biodegradation pathway. It has been
reported that nitrocellulose undergoes degradabipmmethanogenic or sulphate—reducing
bacteria under anaerobic conditions (Freedetaal. 2002; Tarasovat al. 2005). Sulphate—
reducing bacteria of the genu@esulfovibrio were reported to decrease the amount of
nitrocellulose powder in media containing this campd (Tarasovat al. 2009). The study
by (Petrovaet al. 2006) reported the presence of nitrate in theuceltmedia containing
nitrocellulose, due to the nitroesterase activityDo desulfuricans1388. The subsequent
nitrate disappearance and ammonium appearanceaiaedi¢che dissimilatory reduction of
nitrate to ammonium (Bursakat al. 1997; Petrovat al. 2006; Petrovat al.2002; Tarasova
et al. 2004), a process involving nitrate reduction tdritei and the subsequent nitrite
reduction to ammonium by nitrate— and nitrite reédees (Bursakoet al. 1997; Kraftet al.
2011; Mouraet al. 2007). There are several sulphate-reducing bacibte to reduce nitrate
to nitrite (Marietouet al. 2009; Mouraet al. 1997), but it appears that this is not a shared
feature across the genuesulfovibrio (Marietou et al. 2009; Tarasovaet al. 2009). In
contrast, the dissimilatory reduction of nitrite &mmonium seems to be widespread in
Desulfovibrig which can synthesise a very active, constitutitgte reductase (Marietoat
al. 2009; Moureet al.2007).

To date, studies on nitrocellulose biodegradatiamehbeen performed on nitrocellulose
powder, with a percentage of nitro groups of bemge than 12%, the percentage generally
used in the military sector (Aueat al. 2005; Freedmaret al. 2002; Petroveet al. 2002;
Tarasovaet al. 2009; Tarasovat al. 2004). To the best of our knowledge there are no
reported studies on the biodegradation of nitroé@dle as component of daily life materials,
like nitrocellulose—-based paints. The biodegradatid paints is also interesting because
substances other than nitrocellulose are presextdbuld interfere with the degradation
process. Although the bulk of a paint is pigmend dnnder, which is the film—forming
material in which the pigment particles are dispdrand forms the matrix that binds the
pigments on the painted surface, other componékegsnhetals, solvent and additives, are
present in paint formulations (Cappitedli al. 2005).

The main aim of this work was to study the capgbitif Desulfovibrio desulfuricans
ATCC 13541 to attack nitrocellulose as binder innpaUltraviolet—visible and infrared
spectroscopy, microscope observations and refleetasolour techniques were used to
correlate nitrocellulose degradation to specifieroital changes in the composition of the
paint material. In addition, a preliminary study e nitrocellulose degradation pathway in
Desulfovibrio desulfuricanATCC 13541 was conducted.
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Material and methods

Nitrocellulose—based paint and paint sample prepatén

The 23" century paint binders are generally made of syitthend semi—synthetic
polymers including nitrocellulose (Buzzimt al. 2004; Govaertet al. 2004; Zieba-Palus
2005). The red spray paint by Motip—DidpAutocolor (colour 5-0200) was selected in this
study since most of red spray paints are compos$ealkgd—nitrocellulose—based binders,
including those produced by MofifGovaertet al. 2004; Segalinit al. 2000). Autocolor
paint samples were prepared spraying the paintan glass slides (Prestige, 7.6 x 2.6 cm).
The can was firstly shaken for 3 min per manufaatarinstruction and then the paint sprayed
by a moving rate of about 20 cm/s, maintaining tezat a distance of 30 cm above the glass
slide and the manual pressure on spray valve figeadlow a uniform spread (Segaliet al.
2000). The painted slides were dried for four mengrior to their use in degradation
experiments. For each experiment a constant ra#io5® mnf of Autocolor paint per 1 ml of
cultural medium was used.

Degradation experiment

The sulphate—reducing bacteriubesulfovibrio desulfurican&TCC 13541 was selected
for all the degradation experimenB. desulfuricansvas maintained anaerobically in DSMZ
63 medium (Cappitellet al. 2006), while experiments were performed in modifreedium
containing half the standard sulphate content. f&igs were not completely omitted as they
may help nitrocellulose degradation (Mariettual. 2009; Tarasovat al. 2009). Degradation
experiments were performed in triplicate with theee following sampled. desulfuricans
cells in the culture medium and an Autocolor palngéde (sample A); the culture medium
without microorganisms and an Autocolor paintedesl{sample B), analysed to detect any
contamination occurrence, aid desulfuricanells in the culture medium (sample C). The
initial cell concentration was 1@&ells/ml and the Autocolor painted slide was hetiatic at
90°.

All samples were incubated under anaerobic conditior 49 days and analysed at the
beginning and at the end of the incubation perdaell count using the Thoma counting
chamber and an ATP assay, performed using the Bisrbetection Kit (Promicol), were
performed to monitor bacterial density and actiuityall samples.

Nitrate, nitrite and ammonia concentration testsl giH measurements

Nitrate, nitrite and ammonia contents in the c@toredium were evaluated by ultraviolet—
visible spectroscopy using a UV/Vis 6705 Spectrapmzter (Jenway, UK). Samples were
firstly filtered using a 0.22 um membrane (Milligoritaly) to eliminate bacterial cells and
precipitated FeS particles produced by them thaldcimterfere with the readings. Nitrate and
nitrite content was assayed according to (APeétAal. 1998) except for nitrite assay, where
the sample volume used has been 1 ml. Ammonia otrat®n was determined using the
Nessler reagent (Merck, Germany). The colourimegaction was performed by adding 2 pl
sodium—potassium tartrate and 20 pl Nessler reatgerit ml of sample. After 15 min,
absorbance was evaluated at 420 nm. The nitraterand ammonia nitrogen (NG-N,
NO, —N and NH-N, respectively) concentrations were calculateidgusalibration curves
previously obtained.
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pH measurement was performed using a pH indicatipr @Merck, Germany) at 25°C, in
order to confirm the variation of the nitrogen farm the culture medium of all samples.

Analysis of variance (ANOVA) via MATLAB software @fsion 7.0, The MathWorks
Inc, Natick, USA) was applied to evaluate stataticsignificant differences among samples
A, B and C at the beginning (0O day) and at the etfl days) of the experiment. Tukey
honestly significant different test (HSD) was udedpairwise comparison to determine the
significance of the data. Statistically significaesults were depicted by p—values < 0.05.

FT—IR spectroscopy

To detect nitrocellulose presence, Autocolor pairgides not subjected to any treatment
(sample D) were analysed. Autocolor painted slithesdd in the medium with and without
cells (sample A and B, respectively), were analyssdg a Nicolet 6,700 spectrophotometer
equipped with a DTGS detector or coupled with aoMit Continuum FTIR microscope
equipped with an HgCdTe detector cooled with lignitogen. Samples were analysed in
attenuated total reflectance (ATR) and as KBr pelk® verify the presence of organic
compounds related to bacterial metabolism and awimgthe paint chemical formulation.

FTIR analyses were recorded between 4,000 and 0b (elgCdTe detector ) or 4,000
and 400 cmt (DTGS detector) with 128 acquisitions and 4 tresolution. The spectra were
baseline corrected using the Omnic software, amthalised, when necessary, by setting the
absorbance of a specific peak to a desired value.

Prior to the analysis, Autocolor painted slides everashed three times with phosphate
buffer, to remove any traces of culture medium #meh dried for one month at room
temperature, to further remove any surface—boun@rwaolecules that could interfere with
the spectroscopic measurements.

Determination of colour variations

Reflectance colour measurements of Autocolor pdirgkdes from sample A were
performed to assess the capabilityDofdesulfuricango modify the colour of the spray paint.
Autocolor painted slides not subjected to any tmeait (sample D) were considered in this
experiment. This sample, prepared in triplicatedascribed in “Nitrocellulose—based paint
and paint sample preparation” subsection, was dereil as the colour reference. Colour
measurements were performed according (Sanmaatinal. 2011), carrying out five
measurements at random positions on an area obxipyately 9.88 crh (3.8 x 2.6 cm) of
samples A and D, by use of a Konica Minolta colmater with a CR—-300 measuring head
(8—=mm-—diameter viewing area). The colour measurémeare analysed by considering the
CIELAB colour system (CIE 1986), which represerashe colour by means of three scalar
parameters or Cartesian coordinates: L*, lightre@dsminosity of colour, which varies from
0 (absolute black) to 100 (absolute white); a*oassted with changes in redness—greenness
(positive a* is red and negative a* is green); Bhdassociated with changes in yellowness—
blueness (positive b* is yellow and negative b*hilue). Alternatively, each colour is
represented by means of three angular parametetgliodrical coordinates, most closely
related to the psychophysical perception of thewolL*, lightness or luminosity of colour,

also defined in both scalar and angular colour; s#teomac*,, =va*? +b** related to the
intensity of colour or saturation and hue anigle- arctarfo*/a*) or tone of colour which refers

to the dominant wavelength and indicates rednesfwness, greenness, or blueness on a
circular scale, starting at 0° and increasing cewurgiockwise (Wyszecket al. 1982).
Furthermore, the partialAC*, Aa*, Ab*, AC*,, and AH*,,) and the total AE*,,) colour
differences between samples A and D of the Autacp#inted slides were calculated. The
total colour difference was expressed as:
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BE* , =(oL) + (02 +(abr)? or  aE*, =y(a) +(acr,,F +aHr,,)

whereAL*, Aa*, Ab* andAC*,, represent respectively the differences betweewvadhess
of L*,a*,b* and C*;, belonging to samples A and D, afd* 5, is given by:

AH*_ =20/C* [T*, [&in(Ah,,/2)
whereAhy, is the difference in hue angle
Ah,, =tan™(b*,/a*,)-tan™(b*, /a*,)

and the subscripts 1 and 2 represent samples B agsbectively.

Multivariate analysis of variance (MANOVA) and thekey—B multiple comparison test,
via SPSS software (version 15.0) were applied topare separately each CIELAB colour
coordinates (L*, a*, b*, C¥ and hy) among Autocolor painted slides of samples A and D
Statistically significant results were depicteddsyalues < 0.05.

Stereomicroscope and epifluorescence microscopeErgdtsons

Stereomicroscope observations of the Autocolortpdirslides (samples A and B) were
performed using a Leica M205C stereomicroscopeppgal with a Leica DFC 290 video
camera, to visualise macroscopic changes in th& pbin and its adhesion on the surface of
the glass slide. Morphological studies of the filmare carried out at different magnifications.

To evaluate theD. desulfuricanscapability to attach onto the paint surface, a DAP
staining of samples A and B was performed accordmg(Giacomucciet al. 2011).
Epifluorescence observations were carried out witleica DM4000B digital epifluorescence
microscope equipped with Cool-Snap CF camera (leitacs, Roper Scientific) and
pictures were acquired using RS Image ver. 1.7#t8ace (Roper Scientific).

Nitrate— and nitrite reductase activity evaluation

To evaluate nitrate— and nitrite reductase actiuityD. desulfuricansincubated in the
presence of nitrocellulose as binder of Autocolaimp the bacterium grew for 49 days at
25°C in DSMZ 63 medium modified as previously déseil in “Degradation experiment”
subsection with or without Autocolor painted slides

Total protein extraction and enzyme assay

D. desulfuricanscells were harvested by centrifugation at 7,000 fpr 15 min at 4°C
washed two times in phosphate buffer and suspeimd@d M phosphate buffer, pH 7.6, in a
ratio 1/8 (weight/volume). Total proteins were exted by sonication performed in 5 cycles
of 30 s at 55% power and after 1 min of stop. Tkteaet was centrifuged at 11,000 rpm for
30 min at 4°C to eliminate cellular debris. Protemncentration in the crude extract was
determined using the Bradford method (Bradford 1976

The nitrate reductase activity was assayed at 37°@C5 M phosphate buffer at pH 7.6.
The reaction mixture and the protocol were condlete reported by (Bursakat al. 1997),
except for the use of 15 mM KCN. The nitrate coticgion was then measured as described
in “Nitrate, nitrite and ammonia concentration $eahd pH measurements” subsection. The
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nitrite reductase activity was assayed as by @tial. 1994), except for the termination of the
reaction that was achieved by vigorously shaking tlé reaction tube. The nitrite
concentration was then measured as described trathli nitrite and ammonia concentration
tests and pH measurements” subsection. The enzynnatiis defined by umol of substrate
reduced per minute. To evaluate statistically $iggmt differences among enzymatic
activities the t—test, via Microsoft Excel tool faWindows, was applied. Statistically
significant results were depicted by p—values €0.0

Results

Characterisation of Autocolor® paint

Autocolor film (Sample D) was analysed by FTIR dpescopy for the identification of
the main component of the polymeric blend. The maomponent of the resin is
nitrocellulose and an alkyd fraction (a modifiedlyester resin) was also present. The
characteristic and diagnostic FTIR peaks of nitllatese are related to the N-O vibration at
1,655 cm® and 1,280 cii, while the polyester resin has the characterisbication peaks at
1,735 cm® (v C=0) and 1,073 cm (v C-0), both related to the ester group of the pelym

The complete characterisation of other componédiks, pigment, stabiliser or other
additives, was beyond the aim of this work.

Degradation experiment

Cell counts and ATP content of samples A and Gexduwut at both the beginning and at
the end of the experiments were not significantiffecent. Investigations performed on
sample B showed that there was no occurrence aéeonation during the incubation period
(data not shown). UV-Vis spectrophotometric measerds performed in the culture
medium showed a decrease in nitrate (Figure 1a)rainite (Figure 1b) concentration in
samples A and C in comparison to sample B, wheeg there significantly higher and an
increase in ammonia concentration in all three $asfFigure 1c) The final ammonia
concentration was not significantly different acadl 3 samples (Figure 1c). These results
were in agreement with a pH increment in the saangpge (data not shown).

a [M-NO, | variation b [N-NO; ] variation C IN-NH;] variation
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Figure 1. Variation of nitrogen forms concentrationin the culture medium of samples A, B and C at the
beginning (0 day) and at the end (49 days) of thexgeriments. (a) nitrate nitrogen (p—value = 1.30x183),
(b) nitrite nitrogen (p—value = 0), and (c) ammonianitrogen (p—value = 2.45x10") concentrations. The
histograms represent average values from three ingendent replicates. According to post—hoc analysis,
means sharing the same letter are not significantlglifferent from each other.
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FTIR and FTIR-ATR spectroscopy

Bacterial growth and the degradation phenomenoe @&ealysed by FTIR spectroscopy in
KBr transmission and ATR. Since transmittance F®IRKBr pellets shows the absorbance
of the bulk material, this was the most adequatdrteue to investigate the bacterial
degradation of the Autocolor paint. As FTIR-ATR bsas give information about surface
phenomena they showed that bacteria have colottigsgoblymeric surface.

Acquired spectra were baseline corrected and naethbn the C—H stretching area using
the 2,960 cm peak, related the GHasymmetric stretching vibration of the polyester
component, which is expected to be the more stabtgonent.

The paint was partially affected by the prolongedmiersion in the aqueous culture
medium, visible by the slow reduction in the inignsf signal related to the nitric substituent
(peaks at 1,655 cthand 1,280 ci), suggesting a partial abiotic denitrification gess.
Furthermore, the polyester component was also thligiifected by the prolonged contact
with the buffer as was evident by the reduced gsitgrof the C=0 stretching peak at 1,735
cm* and the C-O stretching vibration at 1,073 ¢rboth related to the ester group of the
main chain.
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Figure 2. (a) FTIR ATR spectra of the Autocolor film (sample D) and the degraded sample A in the range
1,900-700 crit. The arrows indicate the variation in intensity rdated to bacterial compounds on the film
surface. (b) FTIR spectra of the Autocolor film (sanple D), of the paint incubated with the culture
medium (sample B) and incubated in the presence dfacteria (sample A). The arrows indicate the
diagnostic peak for the degradation of the nitro—shstituent in the nitrocellulose molecules.

The comparison between sample D and sample A FTIR-8pectra showed an increase
in signal related to amide groups at 1,540 c(aee black arrow in Figure 2a). The presence
of proteinaceous material was also confirmed byiticeease of signal in the area between
900 and 1,100 cm related to C—N and N-N stretching vibrations ittogen compounds.
Furthermore, the relative intensity of the peatt,@80cm* (amide | signal) decreased due to
degradation of the N—O substituent. This decrease et observed for the peak at 1,655 cm
! (amide 1l signal) for the concurrent increasehs amine products which signal falls in the
same range (see green arrows in Figure 2a). Aadlile increase in signal in the area from
3,000 to 3,700 chl must be related to NH and OH stretching vibratidng to organic
material.

The slight abiotic degradation recorded in the FHRalysis of the KBr pellets was
enhanced by the presence of bacteria which deddlseate of nitrification of the cellulose-
based paint leading to a considerable decreaseec$ignals at 1,655 cthand 1,280 cit
(see black arrow in Figure 2b). The high specifioitf the bacterial activity was also
confirmed by the invariance of the C—N stretchirmglp visible at 840 cm which remained
stable during all degradation experiments. The afigfion of the modified polyester
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component (alkyd resin) was slightly enhanced ssiygg a partial bacterial degradation
which was evident by the depletion of the signalated to the ester group C=0 at 1,735
cmtandv C-0 at 1,073 ci).

Reflectance colour measurements

Reflectance colour measurements of Autocolor pdisiedes (samples A and D) were
performed in order to study. desulfuricansATCC 13541 capacity to change the spray paint
colour. The mean values of the CIELAB colour conatées, using the Cartesian (L*a*b*) and
cylindrical (L*C*4hap) coordinates, in samples A and D are shown in rei@a. Bacterial
treatment led to a significant increase in lightn@s*, from 41.6 + 0.6 to 44.6 + 0.7), a
significant decrease in yellowness with a concomitacrease in blueness (b*, from 35.8 £
0.6 to 29.8 = 1.0) and a significant decrease énttime of colour (f, from 34.0 £ 0.3 to 29.4
+ 0.4), which confirmed thaD. desulfuricansATCC 13541 caused Autocolor spray fading.
To evaluate if these changes in colour were vistblehe naked eye, the partial colour
differences AL*, Aa*, Ab*, AC*,,andAH* ;) and total colour difference\E* ) in presence
of D. desulfuricansells were calculated (Figure 3b). The visual coldifference threshold
or just noticeable difference (JND), which congégithe lower limit of perception in an
individual with normal colour vision (Brown 1957;ddadam 1942) established as 1 CIELAB
unit (Wyszeckiet al. 1982), was not overcome by the partial differentehe redness—
greenness parametexa®*: 0.3 CIELAB units). The remaining colour differees exceeded
this limit and also the value considered the gdnlarat of perceptibility: 3 CIELAB units
(Berns 2000; Prieteet al. 2010; Vo6lz 2001), which is the upper limit of rigois colour
tolerance (Figure 3b). Even taking into accounighér threshold of perception of 6 CIELAB
units, considered an evident colour change (Hargeb299), the overall change in colour or
total colour differenceXE*a, 6.7 CIELAB units) overcame also this value, aneréfore the
colour change as a result bf desulfuricansATCC 13541 can be considered noticeable at
first glance.
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Figure 3. (a) Mean CIELAB colour coordinates (CIELAB units). The histograms represent average values
from 5 measurements from 3 independent Autocolor gated slides. Different letters showed on the topfo
the histograms indicate statistically significant dfferences (p—value < 0.05). (b) Mean CIELAB colour
coordinates (CIELAB units) and partial and total cdour differences between samples D and A.
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Stereomicroscope and epifluorescence microscopeEradsons

Pictures of Autocolor painted slides (samples A &)dat the end of the degradation
experiment are shown in Figure 4. After bactenaatment modifications on the surface of
painted slides were visible (Figure 4a and 4d), &mther investigated by microscope
observations (Figure 4b and 4e). In particular, o&ator painted slides treated wifD.
desulfuricang(sample A) showed paint detachment (Figure 4b)embiologically—untreated
Autocolor painted slides (sample B) showed no afien in the adhesive characteristic of the
paint (Figure 4e). Moreover, epifluorescence micopy observations of Autocolor painted
slides after DAPI staining showed tHat desulfuricansvas able to adhere to the surface of
the paint layer of sample A (Figure 4c) while inmgde B (Figure 4f) there was no
fluorescence signal, confirming the absence ofaahial contamination.

Figure 4. Autocolor painted slides after 49 days ahcubation with (a—c) or without (d—f) D. desulfuricans
ATCC 13541 (samples A and B, respectively). (a, @jictures of Autocolor painted slides, the bottom hi&
of the slide corresponds to the immersed part, (bge) stereomicroscope observations and (c, f)
epifluorescence observations after DAPI staining.

Nitrate— and nitrite reductase activity

The nitrate reductase activity was similar Br desulfuricangncubated with or without
Autocolor painted slides, while nitrite reductasgivaty was significantly higher (p—value <
0.05) wherD. desulfuricangvas incubated with Autocolor painted slides (Table

Autocolor
+ D. desulfuricans
D. desulfuricans

Nitrate reductase activity  1089.91 + 29.10 10523113

Nitrite reductase activity =~ 87.09 + 23.88 35.18 + 17.92
Table 1. Enzyme activity values expressed in umof eubstrate reduced per minute. Asterisk indicateshe
result of t—test (p—value < 0.05), which was perfoned separately for nitrate— and nitrite reductases
activities.
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Discussion

Nitrocellulose wastes are recalcitrant to degradiaéind have a negative impact on human
health and the environment (El-Diwaet al. 2009; Freedmaet al. 1996; Souzat al. 2005)
but there are bacteria that are able to removentine groups from nitrocellulose, which
renders the polymer residuals safer (El-Diweinal. 2009; Tarasovat al.2004). To date, few
studies have been conducted on nitrocellulose brad&tion and furthermore all those
performed with bacteria have been conducted usitngcellulose powder. In this study the
capability ofDesulfovibrio desulfurican&TCC 13541 to degrade nitrocellulose as binder in
paint was assayed for the first time. We sele@edesulfuricansATCC 13541 principally
becauseDesulfovibrio has been reported to be active against nitrocskulPetroveet al.
2002; Tarasovat al. 2004) and has been used in metal biosorption (@hexh 2000), and
therefore the strain is resistant to the high cotreéions of metals that can be encountered in
paints. Long incubation times were used becauseag¢daaet al. 2005) observed a large
decrease in nitro group content in nitrocelluloiera80 to 60 days of incubation.

In our studies, paint degradation was initiallyldaled by evaluating changes in nitrate,
nitrite and ammonium concentrations as previouslistuof nitrocellulose degradation by
Desulfovibrio spp., correlated these variations in nitrate angdmanium content to a
nitroesterase activity (Petroed al. 2006; Petrovat al. 2002; Tarasovat al.2009; Tarasova
et al.2004).

Infrared spectroscopy is a very good techniquepfnt analysis (Buzzinet al. 2004;
Cappitelli et al. 2005) and was previously used to investigate peambponents and also
nitrocellulose changes during degradatiorD@gulfovibriospp. (Govaerget al.2004; Segalini
et al. 2000; Tarasovat al. 2005; Zieba-Palus 2005). The paint used was fistlected as
putative nitrocellulose-based paint and then cordt as a nitrocellulose- and alkyd-based
paint. The capability obD. desulfuricansATCC 13541 to adhere onto the surface of the paint
assessed by epifluorescence microscopy observatiaagurther confirmed by FTIR-ATR
spectroscopy that showed the presence of prote@naamaterial on the painted surfaCe.
desulfuricansdegradation activity against Autocolor paint wasessed even if slight abiotic
degradation of the paint, as a consequence obtiggimmersion time in the culture medium,
was recognisable. The presence of bacteria actédwgh specificity on the N—O bond of the
nitro—substituted cellulose and implied a pronodnaiepletion of the related signal,
suggesting that bacterial degradation favoureddiésnical group compared to others.

After incubation withD. desulfuricans we observed paint detachment and fading of
Autocolor paint slides, both noticeable at firsargte. Bacteria on painted surfaces can lead to
paint detachment and discolouration (Cappitetlial. 2009; Pepeet al. 2010). Although
reflectance colour measurements were used to dbasscpaint colour objectively (Prietd
al. 2011), to date, no study concerning the coloumgbaduring paint biodegradation is
available in the literature. In our case, althodghtness increased significantly, greater
changes occurred in other colour coordinates. Tigbtly increase in colour lightness can be
explained by the ability of the metabolismfdesulfuricango convert sulphate to sulphides
which, in the presence of iron (ll) as a compongnimodified DSMZ 63 medium, form a
black colour precipitate (Cappitebit al. 2006). The colour fading of Autocolor paint, prdve
by changes in CIELAB colour parameters, could Haeen caused by the degradation of the
paint and the removal of nitro groups from theau#allulose molecule.

According to (Petroveet al. 2006; Petrovaet al. 2002) and (Tarasovat al. 2004)
nitrocellulose degradation dyesulfovibriospp. occurs via dissimilatory nitrate reduction to
ammonia. In this study, we found that the actiafynitrate reductase was equivalentDn
desulfuricansgrown in the presence or in the absence of Autwcpdint. In the literature,
there is little agreement concerning how nitratgucgion is regulated in sulphate—reducing
bacteria, even in the well-studi@gsulfovibriogenus (Marietowet al. 2009; Tarasovat al.

40



Chapter |V

2009). Nitrate reductase genes are found only mmessulphate—reducing bacteria and various
pathways of nitrate reduction regulation have béescribed (Marietoet al. 2009; Tarasova
et al. 2009). In our experiments, we use a modified DSB8Zmedium containing only half
the normal concentration of sulphate, becauseDesulfovibriostrains were reported to have
constitutive nitrate reductase activity in mediantaining low concentrations of sulphate
(Marietouet al. 2009; Tarasovat al.2009). Other researchers (Keéhal. 1983; Seitzt al.
1986) reported that fdp. desulfurican€Essex strain the presence of sulphate is esséntial
nitrate reduction to occur. In contrast, the stodyD. desulfuricang=BA 20 by (Mitchellet
al. 1986) reported that nitrate reduction occurs amlthe absence of sulphate. This diversity
within one genus probably results from differenceshe structure of nitrate reductases or
from subunit combinations in different bacteria r@sovaet al. 2009); moreover, growth
conditions may affect the activity of this enzynMagietou et al. 2009). Our experiments
showed higher activity of nitrite reductase [In desulfuricansgrown in the presence of
Autocolor paints rather than iD. desulfuricansgrown without paint. Nitrite reductase has
been reported to be expressed constitutively andolied in respiratory nitrate
ammonification inDesulfovibriospp. that are able to grow using nitrate as teahefectron
acceptor, e.gdesulfovibrio desulfurican€Simon 2002), and in detoxifying reactions in #os
species incapable of using nitrite as a terminattebn acceptor, e.@esulfovibrio vulgaris
Hildenborough (Havemaet al.2004; Pereirat al.2000). More recently nitrite reductase was
considered responsible for metal reductase acti{@grton et al. 2007), and this is an
important feature for paint degradation as paimmidations include components such as
pigments, additives and impurities, which may contaetals (Stoyet al. 1998).

In conclusion our findings proved thBt desulfuricansATCC 13541 is able to degrade
nitrocellulose as binder in paint and likely perfer this degradation by the ammonification
pathway.
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Chapter V

A new non-degenerated primer pair for the specific
detection of the nitrite reductase gene inDesulfovibrio
genus

Abstract

Dissimilatory nitrate reduction to ammonia is thegess in which nitrate is reduced to
ammonia with nitrite as intermediate. The abiliycarry out this process is phylogenetically
widespread and the gemefA, encoding for the key enzyme of the second stephef
pathway, could be used as a marker for this disstany process. In this study we developed
a new primer pair specific fawrfA gene inDesulfovibrio genus. The specificity of the primer
pair was tested both dbesulfovibrio DNA of thirteen species and two wastewater samples
PCR amplifications yielded products of the expedem (850 bp) and sequences obtained
from Desulfovibrio DNAs and environmental samples clone libraries chned the
Desulfovibrio nrfA gene. Nevertheless we found differemfA gene sequences in the
environment that are not present in the databales.new primer set could be used for
obtaining more sequences of thrdA gene and improve our knowledge of the dissimiiator
nitrate reduction to ammonia pathway.

Introduction

Dissimilatory nitrate reduction to ammonia (DNRAJ nitrate ammonification is an
anaerobic process in which nitrate is reduced tmanma with nitrite as intermediate (Cabello
et al. 2009; Einsleet al. 1999; Kraftet al. 2011). The ability to carry out DNRA is
phylogenetically widespread (Kradt al. 2011). Many sulphate-reducing bacteria (SRB) are
able to perform respiratory ammonification in thregence of nitrate when sulphate is absent
and/or in low concentration, although there hasibbeeent evidence that sulphate reduction is
preferred over DNRA if both electron acceptors anesent (Krafet al. 2011; Marietolet al.
2009). In DNRA, nitrate reduction to nitrite is adly performed by the periplasmic nitrate
reductase NapAB, while nitrite reduction to ammaomius catalysed by the pentaheme
cytochrome c nitrite reductase NrfA, without théeese of any intermediate (Cabedbal.
2009; Einsleet al. 1999; Kraftet al. 2011). In SRB and, in particular, esulfovibrio, nitrite
reductase NrfA plays an important role for thogaiss able to use nitrate and nitrite instead
of sulphate as electron acceptor, and for thoseebaaapable of reducing nitrite but unable
to reduce nitrate (Cabelkt al. 2009; Greenet al. 2003; Havemaset al. 2004; Simon 2002).

In fact, nitrite has been reported as a very t@dmpound and the additional function of
nitrite reductase, the key enzyme involved in teeosd step of the DNRA pathway, allows
Desulfovibrio spp. to survive in environments containing nitritgp to millimolar
concentrations (Cabelkd al. 2009). The presence of the nitrite reductaseam#sul fovibrio
genus is widespread and various species syntheesisey active, constitutive nitrite reductase
(Marietouet al. 2009; Moureaet al. 2007; Simon 2002).

! Manuscript in preparation for submission: L. Giawmci et al. A new non-degenerated primer pair for the
specific detection of the nitrite reductase geneeéaulfovibrio genus.
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Nitrate reducing pathways, such as denitrificateme, very well known (Krafét al. 2011;
Mohanet al. 2004). In contrast, few studies have focused oRBNMoreover, even if many
studies are available on cytochrome c nitrite réakec protein (NrfA) (Cabellet al. 2009;
Einsleet al. 1999; Kraftet al. 2011), only few studies are available on the gemesding this
enzyme (Kraftet al. 2011; Mohanret al. 2004). To date, there are only fewfA sequences
available in nucleotide databases, mainly from genic strains and therefore probably not
relevant in environmental studies. As a consequetioe isolation of environmentally
important species performing DNRA is an importatgpsin order to obtain additional
sequences of therfA gene (Kraftet al. 2011) and generate new knowledge on the DNRA
pathway. As the functional gemefA occurs in diverse bacterial taxa, such as Gambsdta-
and Epsilon-Proteobacteria and in members of theeBaides, available primers are highly
degenerated to target the widest range of microwsges (Kraftet al. 2011; Mohanet al.
2004). Unfortunately, the employment of degenepaitaers has different drawbacks, such as
the use of touchdown protocols to minimise anngatmsmatches and the use of high fidelity
Taq polymerases to improve PCR results (Modaal. 2004). Nevertheless, errors in DNA
sequences or failed amplification could still occur

The aim of this research was the development adva primer pair to amplifywrfA gene
fragment specifically inDesulfovibrio genus and provide a new tool for studying DNRA
pathway.

Methods

Primer design.

In order to find conserved domains, amino acid andleotide nitrite reductase (NrfA)
sequences of fivBesulfovibrio and oneDesulfomicrobium strains available in both GenBank
(Bensonet al. 2011) and KEGG (Kanehisat al. 2002) gene databases were aligned using
ClustalX2 (Larkinet al. 2007). PCR primers were then designed using P8irflRozenet al.
1999), asking the software to design primer sesgdénthe consensus sequences found by
multiple alignment. Few degenerations based onaligsment were manually added. Time
silico coverage and specificity of the new primer setsewtasted using both the NCBI
BLAST tool (http://blast.ncbi.nim.nih.gov/Blast.ggand ThermoPhyl software (Oakleyal.
2011). Finally, hetero/homodimers formation andran stability of the novel primer sets
were evaluated using OligoAnalyzer 3.1 software
(http://www.idtdna.com/analyzer/Applications/Oligo&lgzer); parameters setting for primer
characteristic determination were @ primer, 1.5 mM M§" salt and 0.2 mM dNTPs, and
the AG temperature was 60°C.

Desulfovibrio strains.

DNA from thirteenDesulfovibrio and five Desulfomicrobium strains obtained from both
the American Type Culture Collection (ATCC; ManasséA) and the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunsclyve€bermany) have been used for
testing the specificity of the NrfA PCR assays.
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Environmental sample collection and DNA extraction.

Two samples of digested sludge were collected frim@ Carimate (Como, Italy)
wastewater treatment plant, which treats urbanimahastrial wastes. Two mL digested sludge
were centrifuged and the supernatant was discar@led. genomic DNA extraction was
performed with the PowerS8iDNA Isolation Kit (MO BIO, Carlsbad, CA) accordirg the
manufacturer’s instruction. The amount and purifytlee DNA extracts were estimated
spectrophotometrically. DNA samples were storeea°C.

PCR conditions.

PCRs were performed with 1x of PCR buffer, 1.5 migQ@4, 0.2 mM dNTP mix, 0.2M
of each newly designed primer and 1 U Tag DNA pdgese (GoTaq, Promega) in gb
PCR reaction. The cycling program consisted inratial denaturation at 94°C for 5 min
followed by 35 cycles of denaturation at 94°C f@ 8 annealing at 56°C for 30 s and
extension at 72°C for 2 min, and a final extengibi@2°C for 10 min. All PCR products were
checked in 1.0 %, agarose electrophoresis in 1x Tris-acetate-EDTAHK)T buffer and
stained with ethidium bromide (O.@/mi%). DNA bands were detected under UV light.

Cloning and analysis oinrfA sequences.

nrfA DNA fragments obtained by PCR amplification wergated into pGEM-T Easy
Vector (Promega lItalia) and then transformed iBsoherichia coli JM109. Transformants
were selected by plating onto Luria Bertani/ampici{100 ug/ml) agar plates with isopropyl-
B-d-thiogalactopyranoside and X-Gal (5-bromo-4-ctd8rindolylb-d-galactopyranoside),
and incubated at 37°C overnight. Cloned insertseweamplified using the vector primers
M13 forward and reverse (32 cycles of 94°C for 38 C for 30 s, and 72°C for 105 s) and
the resulting PCR products were purified using@Aquick PCR Purification Kit (Qiagen,
Hilden, Germany) according to the manufacturersrirctions. Sequencing was performed
for 3 PCR clones products from each strain usinglidd Biosystems Big Dye Terminator
v3.1 cycle sequencing kit and run on the 3130x| gdenAnalyzer (Applied Biosystems,
Foster City, CA, USA). Cloned insesequences identity was confirmed using the BLAST
tool.

Sequences obtained fromesulfovibrio collection, environmental sample clones and
NCBI and KEGG databases were aligned in the C&takogram (Larkiret al. 2007) and a
distance matrice was generated using the DnaDogfrgm in the Phylip package (Felsenstein
1993), using default parameters. Distance matie@s used in the Mothur program (Schloss
et al. 2009) to assign operational taxonomic units (OTWshstruct rarefaction curve and
calculate richness estimates using the defaultnpetiexrs. OTUs were assigned using a 14%
cutoff value.

Nucleotide sequence accession numbers.

Partial nrfA sequences fronbesulfovibrio and Desulfomicrobium strains, which nitrite
reductase sequence was not available in the dasblasgve been deposited in EMBL under
accession numbers from HE613751 to HE613763.

47



Chaper V

Results

Multiple alignment ofnrfA sequences dDesulfovibrio species, available from GenBank

and KEGG databases, showed several consensus sesg|((Eigure 1).

Dooouououu

. vulg Hild DVU0625
. vulg DP4_Dvul2333
. aspoeens_Daes3256
. baculatu Dbac2097
. vulg Miy DvVMF2385
. vulg Miy DvMF1490
. desulfur Ddes0081

1 — y

srkkkkkkkkhkhkkkhkk Kkk_ ckkkk ky Kkokykkkg: o ko, kkgkkkkkkk ok *
YRHAQPYLKNLWLGYPFMYEYREARGHTYAIQDFLHIDRINRYAE - -KGG LPATCWNCKTPKMMEWVKESGDGFWAKDVNEFR - -DKIDMKDHTIGCATC
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YKHAQPYLKNLWLGYPFSYEYRNARGHTKALEDFLHIDRINTYAE - -KGG LPATCWNCKTPKMMGWVKQYGDDFWAKDINEFR - -DKIDMKDETIGCANC
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Kok _kkkky Kk kk ok Kk kg p kky kpkgk kkkkkkkk * kkkkkk ok ok sky Kk Kk ko k kR Kk Kk
HDPQTMELRITSVPLTDYLVSQGKDPKKLPRNEMRALVCGQCHVEYYFNGPTMGVNKKPVFPWAEGFDPADMYRYYDKHGDLQVKGFEGKFADWTHPASK

D. vulg Hild DVU0625
D. vulg DP4 Dvul2333 HDPQTMELRITSVPLTDYLVSQGKDPKKLPRNEMRALVCGQCHVEYYFNGPTMGVNKKPVFPWAEGFDPADMYRYYDKHGDLQVKGFEGKFADWTHPASK
D. aspoeens Daes3256 HDPTNMELRLYSEPLQDQLKAEGKEFKDLPRNDKRALVCGQCHVEYYFTDVGMGPAKKPVFPWAEGKDPEEMYTYYKSHGNGEI PGFEGNFVDWVHPVSK
D. baculatu Dbac2097 HDPATMELRLYSVPLQDHLKAEGKDFKTLPRNDQRALMCGQCHVEYYFTDKGQGTAKKPVFPWAQGKDPEEMYTYYKSHGDTTTPGFEGNFVDWVHPVSK
D. vulg Miy DvMF2385 HEPQTMELRLYSEPLKDYLKSQNKEFKNLPRNEKRALVCGQCHVEYYFQDKEFGAAKKPVFPWANGFDPEDMFEYYKTHGNT TTKGFEGNFVDWVHPVSK
D. vulg Miy DvMF1490 HDPQTMELRLYSEPLKDQLKAQGKDWDKLSRNDKRSLVCGQCHVEYYFQDKEKGVAKKPVFPWADGYDPQQOMYTYYKTAGNSQMKGFEGNFVDWVHPVSK
D. desulfur Ddes0081 HDPATMELRLYSEPLKDWLKRSGKDWQKMSRNEKRTLVCAQCHVEYYFTHKDNGPAAKPVFPWDNGFNPEDMYQYYKGHGAKGPDGKPGPFVDWVHAASK
- i 210....... 220....... 230....... 240....... 250....... 260....... 270. ... 280....... 290....... 300
P
LRk kkkkkk s sk kkgkkkakkkkkk Kk ok kk sk Kk kkghk saokkkkhkakky skkg kkssak. g p: ks kkgskkkkkkk
D. vulg Hild DVU0625 TPMIKAQHPEYETWINGTHGAAGVTCADCHMSYTRSDDKKKISSHWWTSPMKDPEMRACRQCHSDKTPDYLKSRVLFTQKRTFDLLLAAQEVSVKAHEAV
D. vulg DP4 Dvul2333 TPMLKAQHPEYETWINGTHGAAGVTCADCHMSYTRSDDKKKISSHWWTSPMKDPEMRACRQCHSDKTPDYLKSRVLFTQKRTFDLLLAAQEVSVKAHEAV
D. aspoeens Daes3256 TPMLKAQHPEYETWFNGVHGAAGVSCADCHMS YARLDGKKK I SNHHWTSPLKDQDMKACRQCHTDKSPEYLRERVLYTQHKVWEQLLTAQEI SVKAHEAT
D. baculatu Dbac2097 TPMLKAQHPEYETWHNGVHGAAGVSCADCHMS Y TRLDGKKKMSNHHWNS PLKDPDMKACRQCHTDKS PEYLKQRVIYTQDKVWEQLMTAQDI SVKAHEAT
D. vulg Miy DvMF2385 TPMLKAQHPEYETWINGVHGSAGVTCADCHMSYVRLDGKKKMSTHHWTSPLKDPDLRACRQCHTDKTPDYLRQRVLFTQNKVWEQLMVAQDI SVKAHEAT
D. vulg Miy DvMF1490 TPMIKAQHPEYEMWONGVHGAAGVSCADCHMGYTRTDDKKK I SGHWWTSPLKDPDMRACRQCHSDKSPDYLRSRVLFSQQKTFDQLLKAQDLSVKAHEAV
D. desulfur Ddes0081 VPMIKMQHPEYETFQDGPHGAAGVSCADCHMQYVREDGKK - I SSHWMTSPMKDPEMRACRQCHADKTGEYLRQRVLYTQQKTFDQLLKAQEMSVKAHEAV
T e 310....... 320....... 330....... 340....... 350....... 360....... 370....... 380....... 390....... 400
kak g ok g Kk kg kk  kkgk khkkkgkhkk gkkkkhkkhkkhkghkk
D. vulg Hild DVU0625 RLANEYQGAKAAGYDDLMIQAREMVRKGQFFWDYVSAENSVGFHNPAKAL 440
D. vulg DP4 Dvul2333 RLANEYQGAKAAGYDDLMIQAREMVRKGQFFWDYVSAENSVGFHNPAKAL 440
D. aspoeens Daes3256 RMAAEFEGDKPADYDQLMIAAREMCRKGQFFWDLISAENSVGFHNPTKAL 434
D. baculatu Dbac2097 RMASEFEGEKPADYDQLMIDAREMCRKGQFFWDLISAENSVGFHNPTKAL 434
D. vulg Miy DvMF2385 RMAAEYTGPKPADYDDLMIEARQMCRKGQFFWDLVSAENSVGFHNPTKAL 433
D. vulg Miy DvMF1490 RLASEFQGAKPANYEELMIQARDMVRKGQFFWDYVSAENSVGFHNPAKAL 445
D. desulfur Ddes0081 RLANAYEGHRAANYEALMAEAREMVRKGQLFWDYVSAENSVGFHNPAKAL 440

....... 410.......420.......430.......440.......450

Figure 1. Multiple alignment of NrfA sequences usedo design nrfA primers. The sequences were
retrieved from GenBank and aligned by ClustalX2. Back lines represent the positions of the five
consensus amino acid sequences used for designin@RPprimers. The full names of the bacteria from
which the sequences were derived arBesulfovibrio vulgaris str. Hildenborough, Desulfovibrio vulgaris
DP4, Desulfovibrio aespoeensis Aspo-2, Desulfomicrobium baculatum, Desulfovibrio vulgaris str. 'Miyazaki
F' and Desulfovibrio desulfuricans ATCC 27774.

Four primers pairs were designed from nucleotidguseces corresponding to the five
amino acid consensus sequences in Figure 1. Afeelabalysis of the characteristic of the
degenerated oligonucleotide designed, forward prinoen region 2 and reverse primer from
region 5 were selected (Table 1).

Sequence (52 3)
nrfA-F2 ACCTGCTGGAACTGCAARA
nrfA-R5 GTGGAAGCCCACGCTGTT
Table 1 Primer sequences for PCR amplification ofirfA. Ambiguity code: R = G or A.

Primer

Theoretical specificities of the new primer sestée with both Blast tool from NCBI
(http://blast.ncbi.nim.nih.gov/Blast.ggiand ThermoPhyl software (Oaklesgt al. 2011),
showed that primers have generally a higher nunobegxact matches to therfA gene
sequences from members of the target group of tadte which they were designed (data
not shown).

For most of the strains tested, PCR amplificatibthe partialnrfA gene, using nrfA-F2
and nrfA-R5 primers, resulted in products of thedicted size (Table 2).

No amplification was observed for three of the baattested, in particulddesulfovibrio
fructosivorans DSM 3604, Desulfovibrio longus DSM 6739 andDesulfovibrio burkinensis
DSM 6830, while DNAs from alDesulfomicrobium spp. tested were successfully amplified
and sequenced (Table 2).
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Microorganism tested PCR BlastN closest relative strain Identity Accession
product (%)

Desulfovibrio desulfuricans ATCC Desulfovibrio desulfuricans ATCC o

13541 850 bp 27774 82% HE613751

Desulfovibrio desulfuricans DSM 642 850 bp Do oMbrio desuffuricans ATCC 82% HE613752

Desulfovibrio piger DSM 749 850 bp 2D7‘§J7'£°"' brio desulfuricans ATCC 80% HE613753

Desulfovibrio vulgaris DSM 1925 850 bp  Desulfovibrio vulgaris str. 'Miyazaki F* 90% -

Desulfovibrio africanus DSM 2603 850 bp 2D7°§J7'2°"' brio desulfuricans ATCC 90% HE613754

Desulfovibrio fructosivorans DSM 3604 none

Desulfovibrio simplex DSM 4141 850 bp  Dosarovibrio desuffuricans ATCC 90% HE613755

Desulfovibrio termitidis DSM 5308 850 bp  Desulfovibrio vulgaris str. '‘Miyazaki F' 94% HE613756

Desulfovibrio longus DSM 6739 none

Desulfovibrio burkinensis DSM 6830 none

Desulfovibrio intestinalis DSM 11275 850 bp 2D7‘§J7'Z°V' brio desulfuricans ATCC 90% HE613757

Desulfovibrio cuneatus DSM 11391 850 bp  Desulfovibrio vulgaris str. 'Miyazaki F'  70% HE613758

Desulfovibrio litoralis DSM 11393 850 bp  LawsoniaintracellularisPHE/MN1-00 68% HE613759

Desulfomicrobium macestii DSM 4194 850 bp E@‘g’fom crobiumbaculatumDSM g0, HE613760

Desulfomicrobium norvegicum DSM 850 bp Desulfomicrobium baculatum DSM 88% HE613761

1741 4028

Desulfomicrobium baculatum DSM 4028 850 bp E(?;ugl formicrobium baculatum DSM 99% -

I;_))giuslfoml crobium apsheronum DSM 850 bp 4Dg§.élfomcroblum baculatum DSM 89% HE613762

Desulfomicrobium escambiense DSM Desulfomicrobium baculatum DSM o

10707 850 bp 4028 89% HE613763

Table 2. Results of PCR amplifications, fragment idntification with BlastN and accession numbers of
nrfA gene fragments deposited in EMBL. Among the bacté& tested,nrfA gene is known to be present
only in Desulfomicrobium baculatum DSM 4028.

BlastN alignments ofirfA gene fragment sequenced from bBtsulfovibrio collection
(showed in Table 2) and environmental samples (e shown) confirm that DNA
amplified using new primers is a fragment offA gene from Desulfovibrio or
Desulfomicrobium genus. However identity percentage for all tesgelcies was lower than
94%, except for the 99% identity affA gene ofDesulfomicrobium baculatum DSM 4028,
the onlynrfA gene present in database among culture collesgienies used in this work.

To study nrfA gene differences, sequences obtained fi@esulfovibrio collection,
environmental sample clones and NCBI and KEGG dated were clustered in OTUs.
Rarefaction curve reached a plateau starting frooutaff value of 0.14, confirming the
diversity innrfA gene sequence Desulfovibrio genus ().

At a 0.14 cutoff value, alhrfA gene sequences analysed clustered in 14 OTUsit®esp
OTUs from sequences deposited on databases weme them OTUs from environmental
samples clones, both groups shared only three @Fidsre 3).

49



=+=unique

=3 ——0.02 Clone | Deposited
= 25 ——0.04 Seq 1 3 Seq

§ (.00 \

‘5 20 . —==0.14 4 7

z

15 ——0.19
-0.30

0.52

10 20 30 40 50 60
Number of sequences

Figure 2. Rarefaction curves for nrfA gene sequences from Figure 3. Venn diagram of shared

Desulfovibrio collection, environmental sample clones and NCBI OTUs for the clone sequences

and KEGG databases. Plots at different cutoff valug are group and deposited sequence

reported. group at a distance of 0.14. Seq
stands for sequence.

Discussion

To date, nitrite reductases from SRB have been Ignatndied as proteins, and only few
sequences airfA are present in databases (Almedtlal. 2003; Kraftet al. 2011; Mouraet
al. 2007; Pereirat al. 2000). Despite thisyrfA has been used as gene marker for studying
DNRA because it shows conserved regions both irentide and amino acid sequences
(Kraft et al. 2011). In this study we designed specific prinfersDesulfovibrio species that
provide valuable additions since existing primerailable in the literature are either highly
specific or highly degenerated for the detectionréA from a wide range of bacteria. (Greene
et al. 2003; Havemast al. 2004) developedrfA primers based on the nucleotide sequence of
only oneD. wulgaris species genome. (Mohaah al. 2004) designed primers based on the
alignment of sixrfA sequences similar to tlie coli nrfA sequence including thefA genes
from Sulfurospirillum deleyianum and Wolinella succinogenes, but they included narfA
sequences fronbesulfovibrio species. In contrast, primers presented here eife for
Desulfovibrio genus because they have been designed using fsre nitrite reductase amino
acid sequences present in both GenBank and Kegdatas and PCR specificity has been
further increased using only one degeneration otide. Note, despite new primers showed a
high percentage of exact matchesittA sequences dbesulfovibrio genus, they might match
the nrfA sequence of other phylogenetic groups. Moreovesults obtained from OTU
clustering showed that there is a high diversitynfA sequences and there are OTU groups
not represented by any sequence present in daglwasdirming that more work should be
done to studyrfA gene and DNRA pathway Desulfovibrio genus.

In conclusion, the new primers presented here cdoddused for studying DNRA
metabolism or nitrite detoxifying in bacteria Besulfovibrio genus. The use of this new
primer set could help for isolating and obtainingrensequences of thefA gene from both
culture collections and environmental samples.

SUPPORTING INFORMATION AVAILABLE

Additional Note is provided in Appendix II.
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Chapter VI

Conclusions

Deterioration of synthetic polymers in varnishesd abinding media seriously
compromises the adhesion and durability of the tpaghwell as its decorative/protective
function, therefore identification of the causesghthetic polymer biodeterioration is of great
importance. On the base of this work, it is pogsiblconclude that:

v

v

Biotechnology provides valid tools to study changpesiicrobial community structure
due to the presence of synthetic polymers anddntify synthetic polymer degrading
microorganisms.

In the Hungaria hotel case-study, coloured altenstion the tiles were mainly due to
the presence of cryptoendolithic cyanobacteria tedtreatment with the synthetic
resin led to a colonisation by biodeteriogen fungi.

Paraloid B72 is not the best consolidant polymer to be usedtlier long-time
conservation of the ceramic tile of Hungaria hotel.

Other results about the community structure of khengaria hotel showed that the
microflora present on the tiles was generally dyemifluenced by the Venice lagoon, the
environment of the hotel:

v

v

v

The rapid reappearing of coloured alterations safter the 2007 restoration, which
included the use of biocides, is likely favoured thhg water content and organic
substances, some of which added during the cortgamteeatment.

Several microorganisms related to the alkaline remment, which is in the range of
the tile pH, and related to the aquatic environmeerd the pollutants of the Venice
lagoon, are present on the fagade of the Hungat&l.h

To ensure longer lasting conservation of the Huagéacade, a more efficient
maintenance plan that includes the selection atiebconsolidant instead of Paraloid
is strongly suggested.

When synthetic polymers objects and paints areodesg of they should be susceptible to
biodegradation. Bioremediation is a safer and ieffic tool for the removal of many
xenobiotics and can be successfully applied forrémeoval of synthetic polymers, including
those present in paint and coating formulationse $tudy of the bacterial degradation of
nitrocellulose as binder in paint formulations Ilead conclude that:

v

v

Desulfovibrio desulfuricans ATCC 13541 is able to adhere onto the surfacehef t
nitrocellulose-based paint.

The incubation withD. desulfuricans causes paint detachment and fading of
nitrocellulose-based paint. The colour fading cokdcaused by the degradation of
the paint and the removal of nitro groups fromniieocellulose molecule.

D. desulfuricans is active against the nitrocellulose-based pairth Wigh specificity
on the N—O bond of the nitro—substituted cellulose.

The activity of nitrate reductase was equivalenilevhitrite reductase activity was
higher inD. desulfuricans grown in the presence of the nitrocellulose-bgssdt.

D. desulfuricans ATCC 13541 is able to degrade nitrocellulose asidxi in paint and
likely performs this degradation by the dissimitgtaitrate reduction to ammonia
pathway.
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The dissimilatory nitrate reduction to ammonia (DNRs the process in which nitrate is
reduced to ammonia with nitrite as intermediatee Tdibility to carry out DNRA is
phylogenetically widespread and the genfd encodes for the key enzyme of the second step
of the pathway, the reduction of nitrite to ammofkiar that reason the study of A gene
is an important step to study the DNRA pathway. ¢kding to the results obtained in this
work, it is possible to conclude that:

v' The new primer set allows the amplification of &&pnrfA gene product.

v' The new primers are specific for the amplificatafmrfA gene oDesulfovibrio genus
bacteria, but they may match thefA sequence of other phylogenetic groups (e.g.
Desulfomicrobium genus).

v Using these primers thirteen newfA gene sequences, nine frddesulfovibrio spp.
and four fromDesulfomicrobium spp., were deposited in the EMBL database.

v' Results obtained from OTU clustering showed tharehare OTU groups not
represented by any sequence present in databases.

v" The new primer set can be used for obtaining mecgiences of tharfA gene and
improving our knowledge of the dissimilatory nigatduction to ammonia pathway.

In conclusion, further studies on synthetic polyrbaxdeterioration should be made for
the selection of the best one to be applied foh epecific use in order to prevent the loss of
polymer function once it has been applied to assarf

On the other hand. desulfuricans is a promising bacterium in nitrocellulose-basathp
bioremediation andrfA gene could be used to study DNRA or nitrite ddtoxg metabolism
in bacteria oDesulfovibrio genus, in order to improve nitrocellulose bioreragdn process.
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Microbial Deterioration of Artistic Tiles from the Facade
of the Grande Albergo Ausonia & Hungaria (Venice, taly).

Supporting information

Figure SI S1.Sampling areas positions in Hungaria fagade arailgetf sampling areas a, b
and c. Red dots represent sampling points. Sarfrpi@sl to IV are from area a, from V to IX
from area b and from X to XIX from area c.
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Table SI S1.Sampling points and steremicroscope observatidtuoigaria samples. Samples
I to VIl and from XI to XVIII are fragments of giged pottery. Samples IX and XIX are from
mortar, taken between two deteriorated tiles. Sampis a putative biological deposit taken
by scraping off the balcony surface.

Sample Sampling point Sample fragment
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Table S| S1.continued.

Sample

Sampling point

Sample fragment

Vi

Vil

VI
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Table S| S1.continued.

Sample Sampling point

Sample fragment

UNIPD
DIP.SC.CHI. |

Xl

Xl
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Table S| S1.continued.

Sample

Sampling point

Sample fragment

Xl

XV

XV

XVI
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Table S| S1.continued.

Sample Sampling point

Sample fragment

XVII

XVIII

XIX
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Nitrate and nitrite reductase genes expression in
Desulfovibrio desulfuricans ATCC 13541.

Dissimilatory nitrate reduction to ammonia (DNRA) mitrate ammonification is a two-
step process in which nitrate is reduced to nitabel nitrite is subsequently reduced to
ammonia (Cabellet al. 2009; Einslest al. 1999; Kraftet al. 2011). In DNRA, the reduction
of nitrate to nitrite is assumed to being mostliabsed by the periplasmic nitrate reductase
complex NapAB (Kraftet al. 2011; Simon 2002), while the second step of DNR#g
reduction of nitrite to ammonia, is catalysed byA\mwithout the release of any intermediate
(Cabelloet al. 2009; Einslest al. 1999; Kraftet al. 2011).

DNRA is an anaerobic process performed by a phyletigally wide range of bacteria
and occurs in reductant-rich environments like aslaie marine sediments, sulphide-thermal
vents, and gastrointestinal tracts of animals (Calse al. 2009; Kraftet al. 2011). ThenrfA
gene, coding for NrfA, the pentaheme cytochromeitGten reductase, has been found in
Gamma-, Delta- and Epsilonproteobacteria and in begsnof the Bacteroides (Kradt al.
2011; Moharet al. 2004; Smithet al. 2007).

Many sulphate-reducing Deltaproteobacteria are tbpeerform DNRA in the presence of
nitrate when sulphate is absent and/or in low cotmagon (Kraftet al. 2011; Marietolet al.
2009). Sulphate-reducing bacteria (SRB) are migamsms with a great ecological
importance. They have been used in reducing solulgli@al oxyanions to insoluble forms, a
process of great potential in the bioremediatiotogfc heavy metals and radionuclides from
groundwater and waste water (Chetral. 2000; Donget al. 2009; Heet al. 2006; Muyzeret
al. 2008). Another biotechnological application of SBBthe removal and reuse of sulphur
compounds from waste water and off gases, as fample the removing of hydrogen
sulphide from natural gas or biogas (Muyeerl. 2008) or the reduction oxidized sulphur
compounds to sulphide, such as the removal of btagkts from stone surfaces of historical
monuments (Cappitelkt al. 2007; Cappitelliet al. 2006). SRB oDesulfovibrio genus have
been also studied for the biodegradation of nifiolmese (Petrovaet al. 2002a; Tarasovet
al. 2009), a semi-synthetic polymer widely used inecty and paint formulations.
Furthermore, according to Petroeaal. (2002b); Tarasovat al. (2004) the nitrocellulose
denitration byDesulfovibrio spp action is followed by DNRA process to reduce nitrate
present in the cultural medium.

Functional genesapA andnrfA have been previously used to detect microorganstes
to perform DNRA in the environment and to followethrelative abundance along nitrate or
nitrite concentration gradient (Dong al. 2009). Gene expression studies can help in
understanding DNRA pathway of SRB used in biorerusuih (Havemaret al. 2005). Thus,
it is important to study how SRB respond to nitrédepredict the performance of these
bacteria for bioremediation (Ht al. 2006).

The aim of this study was to evaluate DNRA pathuadifferent growth conditions. In
particular, Real-Time PCR was used to assapé andnrfA genes expression changes in the
presence of different concentration of nitrate.

Pure culture of sulphate-reducing bacteritresulfovibrio desulfuricans ATCC 13541
was maintained anaerobically in Widdel's medium @él et al. 1992). Experiments were
performed with an initial cell concentration of “16ells/ml in modified medium without
sulphates, but containing 4.3 or 14.7 mM of nitrédteatment 1 and 2, respectively) and a
control sample was set up in normal Widdel's meditinat contains 4g/l of sulphate. All
samples were incubated at 30 °C under anaerobutitemms for O, 1, 2 and 3 days. At each

61



Appendix ||

time point, three replicates of each sample wecefgaed. A cell count using the Neobauer
counting chamber was performed to monitor bacteteisity and then all samples were
centrifuged at 4000 rpm for 30 min. The resultagitgts were resuspended in 0.5 ml of each
culture media, 1 ml of RNAprotect Bacteria Reag@@tAgen, CA) was added, mixed
immediately by vortexing for 5 s to preserve RNAl atored at -80 °C.

RNA from all samples was extracted using RNeasyi Mih(QIAgen, CA), according to
manufacture instructions, quantified by NanoDropgfimo Scientific, USA) and analysed
using Agilent 2100 Bioanalyzer (Agilent Technolagi€SA) to assess RNA quality. Reverse
transcription PCR was set up from pDof total RNA using random primers and GoScript
reverse transcriptase (Promega, USA) following Sapp instructions and cDNA obtained
was purified using PCR Purification Kit (QIAgen, EAollowing manufacture instructions.

331F and 797R primer sequences, for amplifying 168 rRNA reference gene, were
obtained from Smitlet al. (2009) (Table 1). Primer sequences for hahA andnfrA were
designed using Primer Express v 2.0 software (&pplBiosystems), starting frorD.
desulfuricans ATCC 13541 target genes sequences previously riatain our laboratory
(Table 1).

For each primer combination, Real-Time PCR assagre warried out within a single
assay plate. Each assay contained analyticaldaiiglicDNA templates for each experimental
replicate sample and no-template controls (NTCYiplicate. Real-Time PCR amplification
mixtures contained 2l of 1:2 dilution of cDNA template, 12.hl of Power SYBR Green
PCR master mix (Applied BioSystems)ullof 20 ngfil of each primer, made up to a total
volume of 25ul with sterile RNase free water. Real-Time PCR afgption and detection
for all primer combinations were performed usingABi 7500 Fast Real-Time PCR System
(Applied BioSystems), with the following parametes® °C for 2 min, 95 °C for 10 min, and
40 cycles at 95 °C for 15 s and 60 °C for 1 mintohoatic analysis settings were selected to
determine the threshold cycle (Ct) values and basakettings. Analysis of the relative gene
expression data was performed using the 7500 Fgster8 software v 1.4 (Applied
Biosystem), according to thé*2“' method (Livaket al. 2001).

Amplicon

Primer Y o Temp.
Target name Sequence (5'-3") I(_bepn)gth °C)
Bacterial 16S rRNA gene  331F TTCTACGGGAGGCAGCAG 466 60

797R GGACTACCAGGGTATCTAATCCTGTT
D. desulfuricans napA NapA 214F GGCTACACGGCCAACAAGTT 58 59
gene

NapA 271R TGGGATCGAGATGGTTGGA
D. desulfuricans nrfA NrfA_368F GCAAGCCCGGTTCTTTTGT 57 60
gene

NrfA_454R  TGATCATGCCGACCTTGGA

Table 1. Quantitative PCR primer sets targeting smisubunit ribosomal RNA genes of bacterianapA
and nfrA gene ofD. desulfuricans ATCC 13541. Temp. stands for annealing temperature

Cell counts of all samples at each time point & é&xperiment were not significantly
different (Figure 1), therefore 4.3 or 14.7 mM afrate instead of 4 g/l of sulphate did not
changeD. desulfuricans ATCC 13541 growth.

RNA sample quality, checked using the Bioanalynexs good for most of the samples.
Samples with a low RNA quality were discarded befeeal-Time PCR analysis.

Real-Time PCR analysis was conducted on cDNAs @ntfy the expression levels of
both napA andnrfA genes in order to determine changes in DNRA gemesession irD.
desulfuricans grown in the three different nitrate concentragion

Both genes involved in the DNRA pathway showededéht expression levels in the three
different growth conditions (Figure 2). In partiaulnapA gene was expressed at higher level
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at time 0 in the control sample, which did not udg any nitrate, than in both treatment
samples (Figure 2a). After 1 and 2 days of growttais not possible to detect any expression
of napA gene in all samples. On the contrary, at the drideoexperiment (three daysigpA
gene was found to be expressed only in samplesnititiites and not in the control sample
(Figure 2a)D. desulfuricans ATCC 27774nap gene was found to be expressed when nitrate
is used as the final electron acceptor in anaeratmclitions (Bursakoet al. 1995; Gonzalez

et al. 2006). This implies that Nap is used as a respiyasystem and, like Nap from
Escherichia coli K12, nitrate reduction should be coupled to agmatlectrochemical gradient
generated by using the quinone pool (Gonzateal. 2006). The absence oBpA gene
expression after 1 and 2 days of growth may betada&ct that the growth dd. desulfuricans
ATCC 13541, as other mesophilic SRB, is slow, tgkseveral days after the inoculum
(Postgate 1984).

The expression airfA gene was higher in both treatment samples in casgrawith the
control sample at every time point, except for tidnevhere the expression mffA gene in the
treatment 2 sample was lower than in the other BEsm(igure 2b). Furthermore, the
expression ofrfA gene increases in both treatment samples afterylofigrowth and the
expression is higher wheD. desulfuricans growth at lower nitrate concentration. A
significant increase in the expression of nitriggluctase in the presence of nitrate in the
cultural medium was previously found by HKeal. (2006) and Havemast al. (2004) in
Desulfovibrio vulgaris Hildenborough. However, earlier reports measuring specific
activity of nitrite reductase indicated that theyme was essentially constitutive or inducible
(Mitchell et al. 1986; Pereirat al. 2000). This disparity has not yet been resolvae laad
requires further examination.

In conclusion, we found that botfapA andnrfA genes oD. desulfuricans ATCC 13541
change their expression level when the bacteriav gnethe presence of nitrate rather than
sulphate as a terminal electron acceptor.

1.0x1084
= 49/180,% (C)
- 4.3 mMNO; (T;)

1'0'107'547.?4 - 147 MM NO; (Ty)

1.0x10°4

cell number / ml

1.0x10% T T T T 1
0 1 2 3 4 5 6 7 8
Time (days)

Figure 1. Cell counts ofD. desulfuricans grown in the presence of 0, 4.3 or 14.7 mM of nite. C, control,
T1, treatment 1 and T2, treatment 2 samples.
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Figure 2. Relative quantification (RQ) ofnapA (a) and nrfA (b) gene expression iD. desulfuricans. Raw
RQ represent the average changes in expression léssef the target genes irD. desulfuricans grown in the
presence of 0, 4.3 or 14.7 mM of nitrate (controtreatment 1 and treatment 2, respectively).

63



Appendix ||

References

Bursakov S., Liu M. Y., Payne W. J., Legall J., Mal. and Moura J. J. G. (1995). Isolation and imiekary
Characterization of a Soluble Nitrate Reductasenfriine Sulfate-Reducing Organism Desulfovibrio-
Desulfuricans Atcc-27774. Anaerobe 1(1): 55-60.

Cabello P., Roldan M. D., Castillo F. and Morenad¥in C. (2009). Nitrogen Cycle. Encyclopedia of
Microbiology. Moselio S. Oxford, Academic Press92%1.

Cappitelli F., Zanardini E., Ranalli G., Mello Bbaffonchio D. and Sorlini C. (2006). Improved meatbtogy
for bioremoval of black crusts on historical st@reworks by use of sulfate-reducing bacteria. Agubland
environmental microbiology 72(5): 3733-3737.

Cappitelli F., Toniolo L., Sansonetti A., Gulotta, Ranalli G., Zanardini E. and Sorlini C. (200A&Hvantages
of using microbial technology over traditional chieah technology in removal of black crusts fromreto
surfaces of historical monuments. Applied and emrinental microbiology 73(17): 5671-5675.

Chen B. Y., Utgikar V. P., Harmon S. M., Tabak H., Bishop D. F. and Govind R. (2000). Studies on
biosorption of zinc(ll) and copper(ll) on Desulfbvio desulfuricans. International Biodeteriorati&n
Biodegradation 46(1): 11-18.

Dong L. F., Smith C. J., Papaspyrou S., Stott Ab@n A. M. and Nedwell D. B. (2009). Changes inthe
denitrification, nitrate ammonification, and anammarocess rates and nitrate and nitrite reductase g
abundances along an estuarine nutrient gradiemt Qblne estuary, United Kingdom). Applied and
environmental microbiology 75(10): 3171-3179.

Einsle O., Messerschmidt A., Stach P., BourenkoW GBartunik H. D., Huber R. and Kroneck P. M.42
Structure of cytochrome c nitrite reductase. Natii@(6743): 476-480.

Gonzalez P. J., Rivas M. G., Brondino C. D., Buosa&. A., Moura |. and Moura J. J. (2006). EPR eetutbx
properties of periplasmic nitrate reductase fromsudfevibrio desulfuricans ATCC 27774. Journal of
Biological Inorganic Chemistry 11(5): 609-616.

Haveman S. A., Greene E. A., Stilwell C. P., Voandal. K. and Voordouw G. (2004). Physiological ayathe
expression analysis of inhibition of Desulfovibralgaris Hildenborough by nitrite. J Bacteriol 188J:
7944-7950.

Haveman S. A., Greene E. A. and Voordouw G. (20@#gne expression analysis of the mechanism of
inhibition of Desulfovibrio vulgaris Hildenboroughby nitrate-reducing, sulfide-oxidizing bacteria.
Environmental Microbiology 7(9): 1461-1465.

He Q., Huang K. H., He Z. L., Alm E. J., Fields M., Hazen T. C., Arkin A. P., Wall J. D. and Zhouz]
(2006). Energetic consequences of nitrite stresBdsulfovibrio vulgaris Hildenborough, inferred fno
global transcriptional analysis. Applied and enmir@ntal microbiology 72(6): 4370-4381.

Kraft B., Strous M. and Tegetmeyer H. E. (2011).cidbial nitrate respiration - Genes, enzymes and
environmental distribution. Journal of Biotechnoldb5(1): 104-117.

Livak K. and Schmittgen T. (2001). Analysis of tela gene expression data using real-time quaivét®CR
and the 2-DeltaDeltaCT method. Methods 25: 4028- 40

Marietou A., Griffiths L. and Cole J. (2009). Pnafatial Reduction of the Thermodynamically Less drable
Electron Acceptor, Sulfate, by a Nitrate-Reducingpid of the Sulfate-Reducing Bacterium Desulfoidbr
desulfuricans 27774. J. Bacteriol. 191(3): 882-889.

Mitchell G. J., Jones J. G. and Cole J. A. (198&3tribution and Regulation of Nitrate and NitrlReduction by
Desulfovibrio and Desulfotomaculum Species. ArchieéMicrobiology 144(1): 35-40.

Mohan S. B., Schmid M., Jetten M. and Cole J. (20Détection and widespread distribution of theAngene
encoding nitrite reduction to ammonia, a shortwtrin the biological nitrogen cycle that competeish
denitrification. FEMS Microbiology Ecology 49(3)33-443.

Muyzer G. and Stams A. J. M. (2008). The ecologg himtechnology of sulphate-reducing bacteria. Katu
Reviews Microbiology 6(6): 441-454.

Pereira I. A. C., LeGall J., Xavier A. V. and TabeM. (2000). Characterization of a heme c nitridluctase
from a non-ammonifying microorganism, Desulfovibviglgaris Hildenborough. Biochimica Et Biophysica
Acta-Protein Structure and Molecular Enzymology 1(48: 119-130.

Petrova O. E., Tarasova N. B. and Davydova M. NO2&). Biotechnological potential of sulfate-reahgri
bacteria for transformation of nitrocellulose. Araee 8(6): 315-317.

Petrova O. E., Tarasova N. B. and Davydova M. NOgb). Transformation of cellulose nitro ester beg t
sulfate-reducing bacterium Desulfovibrio desulfaris. Mikrobiologiia 71(3): 429-430.

Postgate J. R. (1984). The sulphate-reducing bactéambridge, UK, Cambridge University Press.

Simon J. (2002). Enzymology and bioenergetics apiratory nitrite ammonification. Fems Microbiology
Reviews 26(3): 285-309.

64



Appendix ||

Smith C. J., Nedwell D. B., Dong L. F. and OsbornM\ (2007). Diversity and abundance of nitrateuctdse
genes (narG and napA), nitrite reductase geneS @md nrfA), and their transcripts in estuarinersedts.
Applied and environmental microbiology 73(11): 363622.

Smith C. J. and Osborn A. M. (2009). Advantages éindtations of quantitative PCR (Q-PCR)-based
approaches in microbial ecology. FEMS Microbioldggology 67(1): 6-20.

Tarasova N. B., Petrova O. E., Davydova M. N., Kiiginov B. I. and Klochkov V. V. (2004). Changasthe
nitrocellulose molecule induced by sulfate-reducibgcteria Desulfovibrio desulfuricans 1,388. The
enzymes participating in this process. Biochemi@ttgsc) 69(7): 809-812.

Tarasova N. B., Gorshkov O. V. and Petrova O. B0®. Activity of Nitrate Reductase iDesulfovibrio
vulgaris VKM 1388. Microbiology 78(2): 160-164.

Widdel F. and Bak F. (1992). Gram-negative mesaphillfate-reducing bacteria. The Prokaryotes. ®alé.,
Traper H. G., Dworkin M., Harder W., Schleifer K.,}5pringer-Verlag. IV: 3352-3378.

65






Collaborations

Prof. Renzo Bertoncello and Ilaria Martini
Dipartimento di Scienze Chimiche, Universita deliudi di
Padova, via Marzolo 1, 35131 Padova, Italy.

Dr. Ornella Salvadori
Soprintendenza speciale per il patrimonio storiadjstico ed
BN - | etnoantropologico e per il polo museale della diltd/enezia e
w e - | dei comuni della Gronda lagunare, Laboratorio Sifieq,
A | Cannaregio 3553, 30131 Venezia, Italy

Dr. Monica Favaro
Istituto di Chimica Inorganica e delle Superfici,ortSiglio
Nazionale delle Ricerche, Corso Stati Uniti 4, 36Padova, Italy

Prof. Lucia Toniolo and Francesca Toja

Dipartimento di Chimica, Materiali, e Ingegneria if@ita
(CMIC) “G. Natta”, Politecnico di Milano, Via Maneelli 7,
20131 Milano, Italy.

Dr. Beatriz Prieto and Patricia Sanmartin

Departamento de Edafoloxia y Quimica Agricola, Radu
Farmacia, Universidade de Santiago de Composteédd82l
Santiago de Compostela, Spain.

Dr. Kevin J. Purdy, Prof. Elisabetta Zanardini &rd Francis P.
Sweeney

School of Life Sciences, University of Warwick, CVAAL,
Coventry, UK.




	Title page
	Contents
	Abstract
	Introduction
	Aim of the work
	Chapter 3_2
	Chapter 4
	Chapter 5
	Conclusions
	Appendix 1
	Appendix 2
	collaborations
	Aknowledgements



