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Abstract

Waterlogged archaeological wood (WAW) is an essential part of our cultural heritage. Wooden
objects that have been preserved in waterlogged conditions provide valuable information about
past civilizations. However, WAW may encounter serious issues after recovery. When sulfur
and iron species have formed and accumulated during burial time, salts precipitation and
acidification can appear after exposition to oxygen, leading to severe structural damages.
Unfortunately, these alterations are often observed after objects have been consolidated. In
response, chemical extraction or neutralization processes are applied. Currently, new trends are
opting for less toxic and more environmentally friendly solutions. For example, bio-based
treatments are arousing for the preservation of heritage artefacts based on the potential of
diverse microbiological metabolisms. The aim of this thesis is to develop a green and
sustainable method that would remove sulfur and iron compounds while maintaining the
chemical stability and physical structure of WAW heritage. There are only few references of
bio-based methods related to the conservation of organic substrates. Therefore, the
biotechnological extraction proposed here is an innovative approach for the removal of

iron/sulphur species from wood.

This original method adopts two different strategies: 1) the removal of iron using microbial iron
chelators (i.e., siderophores) and, 2) the extraction of sulfur species by oxidation with selected
bacteria (i.e., Thiobacillus denitrificans). Both approaches were studied directly on mineral
phases commonly found in WAW, and on model wood samples prepared to simulate WAW.
Separately, both biological processes showed positive results extracting iron and sulfur species
from model wood samples. Moreover, no further degradation of the wood matrix was detected
after application of either extraction method. Further research is still needed to enhance the
extraction of iron and sulfur as with more stable mineral phases the dissolution rates were lower.
Combined together on model wood samples, the use of siderophores and biological oxidation
performed in line to current chemical extraction methods and respected as much as possible the
conservation guidelines in terms of appearance, effectiveness and safety. The bio-based
treatment results are promising, and future efforts would be made to improve performance and

to develop a ready-to use protocol.

Keywords: Waterlogged archaeological wood, heritage conservation, biotechnology, iron

sulfides, siderophore, Thiobacillus denitrificans






Résumeé

Le bois archéologique gorgé d'eau est une partie essentielle de notre patrimoine culturel. Les objets
en bois qui ont été préservés dans des sites gorgées d'eau fournissent des informations précieuses
sur les civilisations passées. Cependant, le bois gorgé d'eau peut rencontrer de graves problémes
apres 1’excavation. Lorsque des espéces soufrées et de ferreuses se sont formées et accumulées
pendant la période d'enfouissement, la précipitation de sels et l'acidification peuvent apparaitre
apres exposition a l'oxygene, entrainant de graves problémes structurels. Malheureusement, ces
altérations sont souvent observées aprés que les objets aient été consolidés. Des procédés
d'extraction chimique ou de neutralisation sont appliqués en réponse a ces problémes. Actuellement,
les nouvelles tendances optent pour des solutions moins toxiques et plus respectueuses de
'environnement. Par exemple, les traitements biologiques appliqués a la préservation d’artéfacts
patrimoniaux basé sur le potentiel de divers métabolismes microbiologiques suscitent 1’intérét. Le
but de cette thése est de développer une méthode verte et durable qui éliminerait les composés
soufrés et ferreux tout en maintenant la stabilité chimique et la structure physique du bois gorgé
d’eau. Il existe peu de références de méthodes biologiques liées a la conservation des substrats
organiques. De ce point de vue, l'extraction biotechnologique proposée ici est une approche

innovante pour I'élimination des especes de fer et soufre du bois.

Cette méthode originale adopte deux stratégies différentes: 1) I'élimination du fer a l'aide de
chélateurs microbiens du fer (sidérophores) et, 2) I'extraction d'especes soufrées par oxydation avec
des bactéries sélectionnées (Thiobacillus denitrificans). Les deux approches ont été étudiées
directement sur les phases minérales couramment trouvées dans le bois gorgé d'eau, et sur des
¢chantillons de bois modéles préparés pour simuler le bois archéologique gorgé d'eau. Les deux
processus biologiques ont montré des résultats positifs en extrayant des espéces de fer et de soufre
a partir d'échantillons de bois mode¢les. De plus, aucune dégradation supplémentaire du bois n'a été
détectée apres 1'application des méthodes d'extraction. Néanmoins, des recherches supplémentaires
sont nécessaires pour améliorer l'extraction du fer et du soufre car avec des phases minérales plus
stables, les taux de dissolution étaient plus faibles. Combinées sur des échantillons de bois modeles,
l'utilisation de sidérophores et I'oxydation biologique ont obtenu des résultats dans le cadre des
traitements d'extraction chimiques actuels et respectent autant que possible les critéres de
conservation en termes d'aspect, d'efficacité et de sécurité. Les résultats du traitement biologique
sont prometteurs et des efforts futurs seront faits pour améliorer les performances et développer un

protocole prét a I'emploi.

Mots-clés: Bois archéologique gorgé d'eau, conservation du patrimoine, biotechnologie,
sulfures de fer, sidérophore, Thiobacillus denitrificans
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Resumen

La madera arqueoldgica anegada es una parte esencial de nuestro patrimonio cultural. Los objetos
de madera que se han conservado anegados proporcionan informacion valiosa sobre civilizaciones
pasadas. Sin embargo, este tipo de madera puede encontrar problemas graves después de su
recuperacion. Si compuestos de hierro y azufre se han formado y acumulado durante el periodo de
anegamiento, precipitacion de sales y formacion de 4cidos pueden emerger en contacto con oxigeno
y humedad. Para la madera esto pueden significar dafios estructurales graves. Estas alteraciones a
menudo se observan después incluso de que los objetos se hayan consolidado. En respuesta, se
aplican procesos de extraccion quimica o neutralizacion. Actualmente, las nuevas tendencias
apuestan por soluciones menos toxicas y mas respetuosas con el medio ambiente. Por ejemplo, los
tratamientos biotecnologicos basados en el potencial de diversos metabolismos microbioldgicos
estan en auge en el campo de la preservacion del patrimonio. El objetivo de esta tesis es desarrollar
un método ecolodgico y sostenible que elimine los compuestos hierro y azufre, manteniendo la
estabilidad quimica y la estructura fisica de la madera arqueoldgica. Hasta la fecha, hay pocas
referencias de métodos bioldgicos para la conservacion de sustratos organicos. Desde este punto de
vista, la extraccion biotecnologica propuesta aqui es un enfoque innovador para la eliminacion de

especies de hierro y azufre de la madera arqueologica anegada.

Este método original adopta dos estrategias diferentes: 1) la eliminacion de hierro utilizando
quelantes microbianos (sideroforos) y, 2) la extraccion de especies de azufre mediante oxidacion
bacteriana (Thiobacillus denitrificans). Ambos enfoques se estudiaron directamente en fases
minerales que se encuentran cominmente en la madera anegada, y en muestras de madera modelo
preparadas para simular dicha madera. Ambos procesos bioldgicos mostraron resultados positivos
al extraer hierro y azufre de la madera modelo. Ademas, no se detectdé un incremento en la
degradacion de la madera después de la aplicacion de ningiin método de extraccion. Aun asi, es
necesario mejorar el rendimiento de la extraccion, ya que, con las fases minerales mas estables, las
tasas de disolucion eran mas bajas. El efecto combinado del uso de sider6foros y oxidacion
bioldgica obtuvo resultados en linea con los tratamientos de extraccion quimica actuales y, respeto
en la medida de lo posible las pautas de conservacion en términos de apariencia, efectividad y
seguridad. Los resultados del tratamiento biotecnoldgico son prometedores. Esfuerzos futuros estan

puestos en mejorar el rendimiento y desarrollar un protocolo listo para usar.

Palabras clave: Madera arqueologica anegada, conservacion del patrimonio, biotecnologia,

sulfuros de hierro, sidero6foros, Thiobacillus denitrificans
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Chapter 1 INTRODUCTION

Summary

Archaeological discoveries are a way of travelling through time. Archaeological finds bring
information about human development and cultural activities of past civilizations. Great
discoveries such as Tutankhamun’s tomb will appear in the first page of all-around the world
newspapers. As Florian M-L. E. (1990) stated concerning the recovery of the Swedish warship
Vasa: ““[...] hearts must have been bursting and tears flowing. The sight of the ship must have
conjured up many different thoughts in the people watching”. Archaeological objects awake

emotions in people as they feel a connection with past centuries.

In this introductory chapter, the basic concepts about waterlogged archaeological wood (WAW)
are explained. The composition of wood and the process of degradation are mentioned to better
understand the problematic that wooden objects encounter prior to conservation. WAW suffers
serious problems after excavation due to the accumulation of sulfur and iron compounds during
burial. Exposure of these compounds to oxygen results in precipitation of salts and acidification,
which can lead to serious structural damage, and ultimately the loss of important cultural
heritage. Current treatments use strong chemicals with high toxicity, which are not safe for the
user or the environment. New trends are looking for more environmentally friendly solutions,
such as biological processes. The MICMAC (Microbes for the Archaeological wood

Conservation) project proposes a new bio-based treatment for the preservation of WAW.



1.1 Wood: a unique material

1.1 Wood: a unique material

Wood is an organic material with a complex chemical composition that functions as structural
tissue in the stems of trees and other woody plants. Wood has been defined as the secondary
xylem of trees, being the xylem the vascular tissue that conducts water and nutrients from the
roots to other parts of the tree [1]. In a living tree, the wood tissue has therefore a support and

a transport function, allowing the plant to stand and grow high.

Over time, wood has been widely used by humans as a versatile material. Wood is collected
from felled trees and then treated to be used for many different purposes such as construction,
energy resource, art, production of paper, etc. Wood has a complex chemical and physical
composition that provides unique characteristics and properties to it. The composition of wood

is described below from the molecular to the macroscopic level.

Chemical composition

Microscopically, wood is structured in wood fibres composed of elongated cells, which are
disposed in longitudinal direction parallel to the main axis. The wood fibres are best defined as
a three-dimensional biopolymer consisting of an interconnected network of the three main
components of wood: cellulose, hemicelluloses and lignin; with secondary amounts of
extractives and inorganics. Sugar based polymers (i.e., carbohydrates: cellulose and
hemicelluloses) make up to the 65-75% of the cell wall composition, while lignin only goes up
to 18-35%. Overall, the elemental composition of dry wood is 50% carbon, 6% hydrogen, 44%

oxygen, and trace amounts of inorganics [1].

Holocellulose

The carbohydrate portion of wood contains the combination of cellulose (40-45%) and
hemicelluloses (17-30%) (i.e., holocellulose), and also other sugar polymers such as starch and
pectin. The holocellulose fraction is water-insoluble and it can be extracted if lignin and other

components are removed from the biomass.

Cellulose

Cellulose is the main component of wood matrix, surrounded by hemicelluloses and lignin.
Cellulose is a linear polysaccharide compose of D-glucopyranose units, which are covalent
linked together by 1, 4 B-glycosidic bonds. The number of glucose units in a cellulose chain is
called degree of polymerization (DP). The cellulose in wood has an average DP of at least 9000-
10000 [2] .
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Cellulose molecules orientation allows secondary bonding within the chain, and with other
adjacent chains. Clusters of cellulose chains form microfibrils. Hydrogen bonds, van der Waals
forces and dipole interactions support the cellulose molecules creating a semi-crystalline
structure. The distribution of the microfibrils changes the crystallinity of the overall matrix,
when the packaging density increases the cellulose structure becomes more crystalline. The
strength of the wood fibres depends on the covalent bonds. Cellulose dissolves only in strong

acids, but degradation occurs [3].

Hemicelluloses

The hemicellulose fraction is a group of branched polysaccharides polymers with lower
crystallinity and DP (around 100-200) than cellulose. They usually contain a backbone structure
consisting of one repeating sugar unit bond 1, 4 B with branch points. The amorphous structure
of hemicelluloses is more reactive; they are soluble in alkali solutions and are hydrolysed by
acids more efficiently than cellulose. The function of hemicelluloses is not yet fully understood

but they contribute to the mechanical properties of the cell wall [2].

Lignin

Lignin is a highly complex, amorphous, mostly aromatic polymer of three main monolignols
(or phenylpropane derivates). Three different types of ether (C-O-C) bonds and four types of
carbon-carbon (C-C) bonds keep the structure together. Moreover, the aromatic rings and
hydroxyl groups of lignin allow intermolecular interactions, forming non-covalent and

hydrogen bonds with cellulose and hemicelluloses [2].

Lignin plays many roles in the cell wall maintenance. The aromatic structure provides
hydrophobicity to the cell wall, as well as inhibits swelling. Moreover, most microorganisms
cannot penetrate the cell wall thanks to the lignin barrier. Only some specialized microbes are

able to break down the heterogenous lignin structure [4], [5].

Wood extractives

Low molecular mass compounds that can be extracted from wood are known as wood
extractives. The total amount of extractives is a small fraction of total composition of the wood;
however, wood extractives play different important roles in the tree. Some extractives
participate to the metabolism of the living cells, while other protect the tree against fungi and

other organisms [1].
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The most common wood extractives are resin acids, terpenoids, waxes, fatty acids, and tannins
[6]. For instance, tannins are important phenolic extractives in the heartwood of certain species.

They are well-known to bind proteins and also inorganics compounds like iron [1], [7].

(a)

a HO.  OH-—@ HO_ OH
0\ o d O\ o : ‘
o) d o &
‘HO”  OH--0 HO~ OH--0
H / H
a HO.  OH-—b HO_ OH
01\ o 1 0\ o 2
o d o d
HO OH---0 HO OH---0
H H

(Cellulose)

(Lignin)

OH

00C HO.
HyCO Q
HO. H,C 0
= o ;
[o}

HO
o o}
O d [ o] d HQ
OH n
o

OH
o e}
OH
o 0.0 OH
o HO N > 0
OH
H,CO 0 OH
N N o H HO OH o
HO

OH

(Hemicellulose) (Tannic acid)

Figure 1.1. (a) Scheme of the hierarchical structure of wood. At the level of the cell wall, different layers are
observed: middle lamella (ML), primary cell wall (P), and secondary cell wall (S1, S2 and S3). The orientation of
the cellulose microfibrils in the secondary wall is measured by the microfibril angle (MFA). Adapted from [8]. (b)

Chemical structure of the main components of the cell wall: cellulose, hemicellulose and lignin, plus some common
wood extractives such as tannic acid.
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Cell walls

The cell wall is an important structure in the wood tissue, and therefore is a regular structure
within the Plant kingdom. The cell wall consists of three principal regions: the middle lamella,
the primary wall, and the secondary wall (Figure 1.1). The chemical composition however
differs between the layers, and it can present variations in different parts of the tree, and between

different species.

The singular cells of the wood tissue are connected to one another to act as a unified network.
Each of the individual cells is linked to the adjacent cells allowing the communication and
exchange of biochemicals between them. The middle lamella is the layer between two or more
cells that keeps the cells together. This is the first layer in the cell wall. In wood, is mostly
composed of lignin. The next cell layer is the primary wall. The composition of this layer is
characterised by a high lignin concentration, and a random orientation of cellulose fibrils. In

wood, the primary cell wall is so thin that is usually indistinguishable from the middle lamella
[3].

Three layers: S1, S2, and S3, constitute the last domain, the secondary cell wall. The first-
formed S1 layer is adjacent to the primary wall. This thin layer is characterized by a large
microfibril angle. The angle between the orientation of the cellulose fibrils and the long axis of
the cell is large (50 to 70 degrees). The next S2 layer presents an opposite distribution of the
cellulose fibrils, having a low microfibril angle (5 to 30 degrees). The S2 layer is also
characterized by a lower lignin concentration and is the thickest secondary cell wall layer,
playing a key role in overall properties of the cell wall. The last S3 layer is again thin and with
a high microfibril angle (+70 degrees). The altered orientations of the cellulose fibrils constitute
arigid and advanced construction. The S3 layer has the lowest percentage of lignin due to water
transportation through the wood. The S3 layer is in contact with the cell lumen where
transportation occurs. Lignin is a hydrophobic macromolecule, and water molecules need

enough adhesion to move up in the tree [3], [6].

Wood layers

Macroscopically, wood is also composed by defined layers with different functions (Figure
1.2). The outermost layer, the bark, is a dead layer that provides protection against external
damages (physical, mechanical or biological). Underneath the bark is the living phloem
(secondary phloem). The main function of this layer is the transport of nutrients. The following

layer is the vascular cambium. This very thin layer (about three cell rows) is where the cell
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division occurs. The cambium cells originate new phloem to the outside, and xylem to the
inside. The xylem layer is divided in sapwood and heartwood. Sapwood is the outer section of
the wood and it is the youngest tissue. It performs the fundamental roles of transporting water
from the roots to the leaves, storage and distribution of nutrients from the leaves to the rest of
the tree. Over the development of the tissue, the xylem cells and vessels lose their cytoplasm,
and the cells are then functionally dead. When the cells die, the sapwood becomes heartwood,
which functions mainly as support tissue [3]. The chemical transformations that the parenchyma
cells experience in the dying process make the heartwood more resistant to decay. In the long-

term, the heartwood accumulates a variety of biochemicals, such as resin, phenols and pigments

[1].

Figure 1.2. Schematic representation of the layer structure in wood. © 2006 Merriam-Webster, Inc.

Annual growth rings are observed in the xylem. Each ring is divided in the earlywood and the
latewood. The layers of the wood remain after the tree is chopped down. Measurements of the
thickness of the annual rings on a fragment of wood allows the reconstruction of a pattern with
wider and narrower tree rings, which corresponds with periods of growth. Afterwards, the
patterns are compared with samples of known age from the same area. This methodology,
known as dendrochronology, makes possible to follow the history of wooden objects [9].
Moreover, wood separates into two groups: softwoods (e.g., pine) and hardwoods (e.g., oak),
based on their composition. Hardwoods have a characteristic type of cell called vessel element

(or pore), which is absent in softwoods [3].
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Properties of wood

Wood properties may vary according to the tree species or even within the same species due to

environmental conditions. Still, wood has some basic properties that are common to all woods.

Anisotropy

Wood is an heterogenous material directionally dependent, which implies different properties
in the different planes. For instance, wood is more mechanical resistant in the direction of the
axis of the tree. Wood presents three different main planes: cross section or transversal section,

radial section, and tangential section (Figure 1.3) [6].

Hygroscopicity

Wood has the capacity to uptake moisture directly from the environment and to hoard it up as
liquid water between the spaces of microfibrils. Moreover, wood is able to absorb big quantities
of water within the cell lumen [6]. However, increased amounts of water interfere with

hydrogen bonding between the organic polymers what decreases the strength of wood [10].

Polarity
Wood is a polar material, which makes it compatible with other polar products such as water,

varnishes, etc. [6].

A
Transversal plane Main axis
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Figure 1.3. Graphical representation of the three planes of wood: transversal (Tr), radial (R), and tangential (Ta).
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1.2 Waterlogged archaeological wood (WAW)

Archaeological wood may be defined as wood used by a past human society, preserved in a
specific environment and that carries information of human culture [11]. Wood is an
exceptionally useful and versatile material that is easy to obtain and easy to find in many diverse
environments. Therefore, wood entered in humans life since the beginning of time, and
woodworking has played a vital role in the advancement of civilization [12]. In consequence,
we may expect many archaeological discoveries to present wood artefacts or traces of them.
However, as an organic material, the decay of wooden objects is very likely above ground. At
certain oxygen and humidity levels, fungi attack can lead to the total destruction of wooden

artefacts [12].

Indeed, specific conditions are required for the long-term survival of wooden objects. Most
archaeological finds containing wood are recovered from the seabed, lakes floor or wet soils,
where microbial activity is reduced [13]. Under these environments, all the cavities - capillaries
and microcapillaries — of the wood are entirely filled with water. However, waterlogged wood
may create the wrong illusion; as all the pores spaces are filled with water, the shape remains.
But, even underwater, some organisms can still slowly degrade wood. For example, anaerobic
microorganisms decay the cellulose and hemicelluloses leaving a mostly a lignin backbone
[14]. Waterlogged archaeological wood (WAW) is considered to be in a good state of
preservation, because all surface and macroscopic structural details are preserved. However,
from a chemical and molecular structural perspective, it can still be highly damaged, presenting
a porous and fragile network with a heterogenous chemical composition [15], [16]. Further

damage can occur if no conservation methods are put in place.

WAW has allowed historians to better understand the state of development of previous
civilizations. Wooden objects that have been preserved in waterlogged conditions give an
excellent opportunity to study everyday life activities, like hunting or agriculture, which are
invisible if these objects are decomposed. For example, the serial of Prehistoric Pile Dwellings
around the Alps (UNESCO) is a waterlogged archaeological discovery where the wooden
constructions and objects, as well as many other organic materials, have been preserved helping
to describe the early life of pre-historical civilizations [17]. Wheels and axles, dugout canoes,
handles and shafts are some of the elements found made by wood. Also, the wood species used
by these people (oak, fir, ash, willow, lime, and poplar, among others) gives information about
their surrounding environment. Moreover, notorious archaeological discoveries are

economically significant. For instance, the Vasa Museum in Stockholm, is the most visited
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museum in Scandinavia, with 1.5 million visitors per year. Therefore, a lot of efforts are made

to better understand the composition and degradation state of WAW for better preservation.

1.3 Degradation processes in waterlogged wood

Biological degradation

Waterlogged wood is usually considered to be well preserved. However, as an organic material,
wood is target for degradation by biological processes in nature [12], [13]. Different
environmental factors control the rate of biological decay (e.g.: oxygen content, temperature,
salinity, etc.). Consequently, the state of preservation of wood varies depending on the local

conditions, chemical composition of the wood, and type of wood species [18].

Different types of organisms are involved in the degradation of wood. For instance, in aquatic
environments, molluscs such as Teredo navalis, and crustaceans like Limnoria lignorum and
Sphaeroma terebrans, can be very aggressive wood-damaging organisms. They produce
cavities and holes through the wood structure, but their action is limited to certain environments.
Their activity is mostly destructive above the sediments. Moreover, the exposed parts of the
Vasa were protected from the attack of 7. navalis due to the low salinity in the Baltic Sea, as

the “shipworm” appears to require at least 12%o salinity [19].

Microorganisms, such as fungi and bacteria, are also involved in wood degradation. Fungi are
known to be the most destructive to wood in certain conditions. Indeed, fungi can degrade
different wood components, from starch to lignin, leading to a total loss of material. Depending
on the decay pattern and components degraded, wood-decaying fungi are divided in three main

groups: white-, brown- and soft-rot fungi.

White-rot fungi are characterised for degrading all cell wall components, even lignin, and for
producing decolouration of the wood [13]. White-rot are an heterogenous group including many
different species of fungi, such as Ceriporiopsis subvermispora and Pleurotus ostreatus [20].
Some white-rot may decay preferentially lignin over cellulose and hemicellulose, while other
white-rot fungi attack all cell wall components simultaneously [20]. In contrast, brow-rot fungi
decay almost exclusively polysaccharides. Their degradation of cellulose leads to a
considerable loss of wood strength and a brown colouration [13]. Fungi that produce soft-rot
usually are classified as Ascomycetes and Fungi Imperfecti [21]. After their attack only the
high lignin-content middle lamella remains [21]. They are problematic for wood conservation

due to their ubiquitous distribution, attacking wood in terrestrial and aquatic environments [16],
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[21]. Waterlogged wood is mainly degraded by soft-rot fungi [22]. In fact, the term “soft-rot”
came from describing the degradation of waterlogged wood, as waterlogged wood is soft to the

touch. In dry wood, the attack of this group of fungi does not soften the wood [21].

However, like the “shipworm”, fungal decay of wood is also restricted to some conditions. In
waterlogged locations, evidence of degradation by soft-rot fungi is only observed where oxygen
is available [22]. Hence, in aquatic and terrestrial waterlogged places, where oxygen is limited,
bacteria are considered to be the main degraders of wood [12]. Bacterial damage causes a loss

of strength in wood, but their metabolisms are not as harmful as fungal activity.

Bacterial degradation of wood is complicated due to the defences against it. The high lignin
composition in the middle lamella and primary wall makes a barrier that protects against most
bacterial enzymatic decomposition. Moreover, some wood extractives may function as toxins
[23]. However, some groups of bacteria have acquired the capability to decay the wood
components. The primary wood degraders initiate the bacterial colonization of wood increasing
the permeability and opening the way to other microbes. The secondary wood degraders, or
scavenging bacteria, follow the primary wood degraders attack, and all are part of the total

microbial community detected in waterlogged wood [24], [25].

Primary wood degraders

The decay of waterlogged wood has been explained as a progressive process involving several
groups of bacteria. Based on microscopically observations, specific morphologies of wood
decay were detected, consequently, such bacteria were divided into three groups, i.e. tunnelling,
erosion, and cavitation bacteria [25]. These bacteria are typically the first degraders of
waterlogged wood. They are the responsible of breaking down the lignocellulose structure of

the cell walls in all the wood tissue, even under near anoxic environments.

Erosion bacteria (EB) are the most common group between the primary wood degraders. They
are typically rod-shaped and present a firm attachment to cellulosic fibre walls. Most studies
have investigated the degradation patterns produced by these microbes, but little is known about
the taxonomy of the bacteria involved in biodegradation of WAW. Some studies obtained pure
cultures of erosion bacteria, revealing species belonging to the CFB (Cyfophaga—
Flavobacterium-Bacteroides) complex [24], [26]. Bacteria from this group are found in
terrestrial and aquatic environments and they have been described by their ability to degrade
complex organic materials. Other studies have shown the presence of other bacteria with

cellulolytic activity, such as Pseudomonas or Janthinobacterium [27], [28].
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Primary wood degraders are a diverse group. Yet, the entrance of microorganisms to the wood
usually follows the same pattern. The bacteria profit different parts of the wood structure, such
as pits, vessels, rays and resin canals to access. Then, the degradation process of the cell wall
by EB follows the orientation of cellulose microfibrils without damaging the lignified wall. The
attack starts in the cell lumen and then moves from the middle lamella to the S3 layer and then
into the S2 layer. The erosion caused here is due to enzymatic activity. However, it has not been
yet possible to characterize the enzymes produced by these bacteria [29]. The cellulose material
for the S2 layer is converted into an amorphous mass of cell wall residues, mainly lignin [25],
[30]. Microscopic observations allow to follow the decay caused by EB (Figure 1.4). A
distinctive attribute of EB decay is the non-homogenous pattern. Heavily degraded cells can be
found between healthy ones (Figure 1.4). At the end of the incursion, bacterial degradation will
only leave a fragile skeleton of middle lamella, and the remaining wood structure will collapse

irreversibly if the wood is not stored properly (i.e., in wet conditions).

Figure 1.4. Light microscope images of a cross section of archaeological wood degraded by erosion bacteria
(EB). (a) The typical pattern of decay by EB. Arrows point out single degraded cells surrounded by healthy cells.
(b) Higher magnification of the effects of decay by EB (arrows). Adapted from [30]. © 2013 Elsevier Ltd.

Tunnelling bacteria are less described than EB in WAW samples. Tunnelling bacteria activity
is condition to an adequate supply of oxygen, while EB can function in near anoxic conditions.
However, they are more aggressive as they are able to degrade all cell wall layers regardless
the lignin concentration. Moreover, they show tolerance to high concentrations of extractives.
These bacteria originate tunnels during the degradation process. The tunnel formation follows
every direction, passing through the S1 layer and the middle lamella [29], [30]. Cavitation

bacteria are also less recurrent. They begin the penetration at the lumen surface where they
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attach themselves via extracellular components. Then, they advance through the S3 layer, to

the S2 layer forming small cavities as a result [27].

Secondary wood degraders

Secondary wood degraders or scavenging bacteria are not involved in the initial degradation;
they live of using the fermentation and residual products from other wood degraders. They grow
using simple sugars from the degraded cell wall materials. They have been described to be

partly aerobic, but they can survive in anoxic conditions as well [31].

Sulfate-reducing bacteria (SRB) are anaerobic prokaryotes that can reduce sulfates (SO4%) to

sulfides when metabolizing simple organic molecules [32]:
2(CHy0) + S0z~ » HyS(qq) + 2HCO; (1)

SRB are considered scavenging bacteria in the wood decay. With degradation products from
waterlogged wood as carbon source in a sulfate-rich environment, this group of bacteria is
considered to be highly active [25]. SRB use a broad variety of compounds as electron donors
(e.g. aromatic compounds, sugars, amino acids, inorganic compounds, etc.). However they
depend on the degradation products from other organisms, as they are not able to degrade
natural biopolymers [32]. The production rates of hydrogen sulfide (H»S) are elevated in anoxic
environments with high concentration of sulfates, such as marine environments or wetlands.
Hydrogen sulfide can react with wood components creating organosulfur compounds, and also

with iron ions, from co-existing corroding iron parts, forming iron sulfides [33].

The relation between SRB and primary wood degraders is yet not clear. However, it seems that
the previous invasion of EB facilitates the entrance of SRB. Suggestions of possible consortia
between primary wood degraders and SRB emerge from the isolation of both groups together
from degraded waterlogged wood [25]. Also, the apparition of sulfate salts in areas of degraded
wood could suggest in situ production of hydrogen sulfide in the areas already attacked by EB,
but this has not been ruled out. The softened wood could be consequence of the acidity not of
previous bacterial erosion. Further studies in the microbial community are needed to reveal the
interactions between these communities and how they collaborate in the biodegradation of

waterlogged wood.

Chemical degradation. Accumulation of Iron and Sulfur

The well-preserved appearance of WAW is due to favourable burial conditions, i.e., places

where the wood decay is limited [34], [35]. However, as stated above, in sulfate-rich
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environments, the HS™ ions produced by the SRB go into the wood and react with lignin-rich
parts to form organosulfur compounds (thiols and disulfides). Moreover, when iron species are
present due to the corrosion of iron items/parts close to the wooden substrate, the sulfide
produced by SRB react with the iron ions, forming particles of iron sulfides, that remain in
wood cavities [33], [36]. Consequently, the microbial attack to waterlogged wood is often

accompanied with the accumulation of sulfur and iron species within the wood structure [36].
Iron sulfides are formed according to the following equations [37]:

Fe?* + HS™ — FeS + H* (2)

FeSy) + HyS — FeSy) + H, 3)

Mackinawite (FeS) is the primarily compound formed. Mackinawite will persist inside the
wood matrix for long time if conditions remain anoxic and close to neutrality. However, during
burial, mackinawite may transform into greigite (FesSs) if oxygen molecules are present.
Partially oxidized mackinawite is an intermediary in this process. Finally, mackinawite may
oxidized into pyrite (FeS), under anoxic and acidic conditions, if there is an extra supply of

sulfur via hydrogen sulfide production [38].

The conservation issue appears because iron sulfides are unstable in oxic environments with
high relative humidity level. In such conditions, these compounds start to oxidize producing

iron salts and sulfuric acid [39]:

FeSy(s) +2 05 + (n+ 1)H,0 - FeS04 - nHy0() + HyS04(aq) (4)

FeSys) + =05 + 2H,0 - FeOOH gy + 2H;SO4(aq) (5)

The high acidity generated causes degradation of the cellulose structure by acid hydrolysis. In
consequence, a gradual loss of mechanical strength is observed in the wood. The cellular
structure also suffers mechanical damage because of the accumulation of hydrated sulfur salts
with a 5-10x volume expansion respect to the previous elemental sulfur molecules [39], [40].
Furthermore, the present iron ions increase the reaction rate for oxidation of sulfur species,
catalyse the oxidative degradation of cellulose and, may have a degradation effect on the
consolidant agent polyethylene glycol (PEG) [41], [42]. As a transition metal, iron is a highly
reactive element and participates in the catalysis of various chemical [43]. In particular, iron is
linked with oxidative stress due to Fenton chemistry. Via Fenton reaction, iron catalyses the
breakdown of hydrogen peroxide to highly reactive oxygen species (e.g., hydroxyl radicals)
that will react with organic molecules:
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1.3 Degradation processes in waterlogged wood

Fe?* + H,0, > Fe3* ++0H+ —OH (6)
RH ++0H > Re + H,0 (7)

Therefore, when iron ions are present in wood, they catalyse the production of free radicals and
the oxidative degradation of cellulose is accelerated with a consequent loss of material [44],

[45].

Salts precipitation and acidification, therefore, make the long-term preservation of recovered
WAW a great challenge. Many products found in waterlogged wood are proof that the oxidation
of pyrite occurred over time, and that it is still occurring. Elemental orthorhombic sulfur (a-Ss),
which is an intermediate compound in the pyrite oxidation process, is repeatedly detected in
archaeological waterlogged wood [46]. Natrajarosite (NaFe3(SO4)2(OH)s) and goethite (o-
FeOOH) are also some of the end products of pyrite oxidation that are also commonly found in
such wood artefacts. Acidic precipitates of iron(II) and iron(IIl) sulfates (e.g. rozenite,
FeSO4:4H>0) are also often found on surfaces of archaeological wood excavated from marine

locations (Figure 1.5).

Over the past years, different studies have focused on recovering information about the different
iron and sulfur species inside waterlogged archaeological wooden objects [19], [38], [47], [48].
For example, important wooden artefacts such as the warship Vasa in Sweden, or the Mary
Rose in United Kingdom (Figure 1.5), have been analysed using different high-resolution
techniques to establish the total sulfur and iron distribution. The distribution an amount of sulfur
depend on the state of wood degradation, the hydrogen sulfides concentration, and the presence
of iron(Il) ions from corroding iron artefacts. For the Vasa the total amount sulfur and iron was
mostly detected in the first few centimetres from the surface, while for the Mary Rose the
detection was more uniform along the analysed cores of 20 cm [49]. Moreover, the total amount
of sulfur content has been estimated to be around 2-3 tons for both shipwrecks, the Vasa and
the Mary Rose [25], [49]. The total amount of iron in the outer 0-2 cm of the Vasa hull can be
estimated at 5 tons [50]. Freshwater artefacts can also present the accumulation of iron sulfides,
as the Arles Rhone 3 and the Lyon Saint-Georges 4 shipwreck in France [51], [52]. These results
highlight the need for preventive extraction methods of the sulfur and iron species before the

wood is exposed to an oxic environment.
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Figure 1.5. (a) Image of the British warship Mary Rose in exposition in its museum. Salts efflorescence can be
appreciated. © Joe Pepler/rex/shutterstock. (b) Detail of a gun shield, belonging to the Mary Rose wreck,
presenting precipitation of sulfur salts. Adapted from [39]. © Mary Rose Museum.
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1.4 Current Conservation Procedures

Preservation of WAW is needed for future exhibitions and study, as WAW carries priceless
information (see section 1.2). Conservation must follow some basic principles: the use of stable
and safe materials, the durability and, if possible, the reversibility or at least the retreatability
of the treatment [53]. Conservation procedures should respect decayed parts of the artefact
trying to consolidate them and not to replace them. Moreover, any treatment should assure
minimum intervention. The consequences of natural ageing of the original materials should be
respected and not removed [54]. This latest statement enters in ethical conflict when we
consider extraction of chemical contaminants. For example, marine archaeological wood is
often dark due to iron(IlI)-tannin complexes or iron oxides particles [48], [49]. The extraction
of iron and sulfur from wood is essential for the future preservation of the wooden objects. Even
though the wood may appear hard and resistant, the consequences of not removing iron and
sulfur species can lead to total loss of the object (see section 1.3). In this case, an ideal treatment
should remove the dangerous species keeping as far as possible the aesthetical appearance of

the wood. Compromise between safety for the object and appearance has to be made.

After excavation, waterlogged wood should be stored wet to maintain the original dimensions
until conservation. Current conservation methods focus on the stabilization of the structure, i.e.,
consolidation, to avoid collapse upon drying. Over time, consolidation and drying was the main
preservation protocol applied to waterlogged wood. However, the apparition of salts and acids
in the consolidated archaeological wood aroused interest in investigating possible remediation
treatments. Mostly palliative treatments have developed so far, but recently some preventive

treatments have started to be also investigated.

Consolidation
Consolidation of the wood matrix has been the key point when treating WAW. This approach

has been adopted to harder the wooden structure replacing the water in the wood vessels by a

consolidant agent.

Polyethylene glycol (PEG) has been widely used to treat archaeological wood. Commonly, it
has become the first step in conservation of waterlogged wood, followed by slow air or freeze
drying [55]. PEG is a synthetic, hydrophilic polymer with oxygen (ether) bridges between
CH>CH: entities in a chain with terminal hydroxyl groups; H-(O-CH2CH2),-OH. It is used a
replacement for water in the wood structure. It provides mechanical support to the softened

wood. In the process of PEG preservation different polymers are used. PEG polymers with a
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molecular mass around 600 (PEG 600) are used at the beginning of the consolidation process.
The water-soluble PEG 600 penetrates the cells walls easily and can bind to the fibrils. Solutions
of higher molecular PEG are applied consequently filling out the lumen and bulking the
structure [56]. The high molecular PEG enters slower, but it is less hygroscopic giving a less
sticky character to the surface. The permeability of wooden objects can vary because of
differences in degradation, salts deposits or others. Guidelines are available for the application

of PEG based on the maximum water content [54].

During the past years, despite its many advantages, PEG has shown some drawbacks to take
into account. When temperature and humidity changed, PEG leaching was observed. Its high
hygroscopicity at low-molecular PEG has been problematic, as well as the intense water
absorption above 80% relative humidity. Also, as mentioned above, it is susceptible to oxidation
reactions catalysed by iron ions (if still present in the wood matrix) leading to its
depolymerization and formation of acids that can cause further chemical damage to the wood

[57].

Recently, studies have shown the promising results in regards to stability of organosilicon
compounds, in particular alkoxysilanes and methyltrimethoxysilane [58]. Alternative
consolidants moving towards more renewable and eco-friendly materials like oligoamides and
natural polymers such as chitosan, guar, and 2-hydroxyethyl cellulose, have also arisen. These
represent promising alternative to PEG. They are more compatible with the wood matrix, cost-
effective, and do not produce acids. [57]. Moreover, new trends are trying to focus in tackling
various issues at once. Some of the new consolidants present also the capability to chelate iron,
preventing further reactions [59]. These materials represent a new line of research where the

consolidant is more adapted to the chemical environment of the wood.

Current extraction methods

The appearance of salts efflorescence and associated acidity in wooden artefacts after
consolidation and drying has been mostly tackled with curative methods [60]. These methods
are mostly designed for local and post-consolidation treatment, and therefore present
disadvantages such as the interaction with the consolidant agent (i.e., PEG) previously applied.
However, they are necessary to stop the current acidic degradation of the wood. For example,
previous experiments used alkaline baths or ammonia (NH3) gas [49], [61]. Although these
treatments are effective at a short-term perspective, the same is not true in the long-term, and

in some cases degradation of cellulose and hemicellulose has been reported [61]. Other
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alternatives for the de-acidification of wood include the use of alkaline nanoparticles [62], [63].
This treatment showed capability for the long-term neutralization, however, still presents some
disadvantages, i.e. toxicity, difficulties in the mechanical removal of sub-products, etc. [64],
[65]. Other treatments opt for using passivation agents that stop further oxidation of iron
sulfides inside the wood. Several different chemicals have been tested (disodium carbonate,
disodium sebacate, and Mg(OH), nanoparticles) to prevent acidity and the further oxidation of
pyrite [66]. Recently, magnetic nanoparticles have also been proposed as solution to extract
iron ions and control acidity. The magnetic function allows the treatment to be target orientated,
being able to conduct the nanoparticles in and out of the wood. Initial tests on Mary Rose

samples showed promising results [67].

The characterization of WAW previous to the consolidation treatment allows to detect possible
contamination of the wood with iron sulfides. Preventive extraction methods are then applied
to prevent the uncontrolled oxidation of iron sulfides. For instance, Tran et al. (2004), described
the use of several oxidants (hydrogen peroxide, sodium hypochlorite, bromate and
permanganate) to transform pyrite into soluble compounds. However, the chemical extraction
of pyrite was enhanced in acidic conditions. Applying such conditions to dissolve iron sulfides
can lead to side damage on the artefacts treated. Thus, gentler methods have been investigated.
Tran et al. (2004), suggested in the same study the use of bacteria to oxidise pyrite. Sandstréom
et al. (2005) proposed to test a mild oxidation with singlet oxygen ('O2) generated by UV
radiation. However, UV irradiation could further damage the wood [68]. Chaumat et al. (2019)

suggested the use of sodium citrate and active filtration as a greener alternative.

Parallelly, methods focused mostly on active extraction of iron have been also tested. First,
electrochemical methods were used. Despite the interesting removal rate, these techniques
presented harmful effects on the mechanical resistance of the organic material [35]. In addition,
strong iron chelating substances such as derivatives of ethylenediaminetetraacetic acid
(EDTA): ethylenediimino-bis (2-hydroxy-4-methylphenyl) acetic acid (EDDHMA), and
diethylenetriamine-pentaacetic acid (DTPA), have been used for their the potential to remove
iron(III) from the wood [50], [69]. However, the extraction rates were promising only at the
surface of the object, making this procedure costly and time-consuming. Moreover, EDDHMA

is not available any more for purchase underlying the need for other chelating agents.
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1.5 Biotechnology and Conservation

From the fermentation of sugars to create drinks such as beer and cider [70], to the use of
bacteria to recover heavy metals in contaminated areas [71], many are the examples of how
humans have used microbial metabolisms to their favour during history. In recent years, the
interest towards more sustainable and eco-friendly solutions has made researchers in

conservation focus on biological metabolisms that can be used to substitute current treatments.

Successful examples of application of bioconservation methods are found in numerous
materials (Table 1.1) [72], [73]. Biocleaning approaches are some of the more outstanding
biotreatments applied into conservation. Several examples include the removal of organic
substances, black crusts, and mineral salts from different materials such as stone, wall paintings,
etc. Moreover, different metabolisms have been exploited to different treatments all-leading to
the recovery of the surface original appearance [74]. For example, Pseudomonas stutzeri has
been used for the removal of salts efflorescence by nitrate-reduction and the removal of glue as

consequence of chemoorganotrophic respiration [75], [76].

For many years now, biomineralization, i.e., the formation of biogenic minerals, has also been
studied for the benefits in preservation of heritage materials. Stone monuments, mainly those
compose of carbonate minerals such as limestone and marble, have profited of a process where
calcium carbonate precipitates due to bacterial metabolism. The damaged stone is consolidated
as result of the formation of calcium carbonate by filling the cracks due to weathering.
Practically, this is achieved by the application of exogenous or stone-isolated bacteria along a
nutritive solution [77]-[80], or by applying only a nutritive solution to activate the possible

carbonatogenic bacteria already existing in the stone microbial community [80]—[82].

Metal substrates have also profited of biomineralization treatments. The minerals formed
integrate into the natural corrosion patina creating a compatible passivation layer that is more
effective than current coatings [73]. Biopassivation has been studied over more than ten years
at the University of Neuchatel, Switzerland. Specifically, copper-based artefacts have been
treated with fungal strains reported to form biogenic oxalates, an ability that allows the
transformation of metal compounds into metal oxalates. Metal oxalates, and in particular copper
oxalates, create attractive compact patinas that are not associated with cyclical corrosion,

providing a good protection of the surface [83], [84].
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Table 1.1. Some examples of microbial metabolisms applied to conservation of cultural heritage.

Microbial metabolism Application Visual effect*
Chemoorganotrophic Removal of organic matter from
respiration frescoes [75]

Biostabilization by biogenic

fron reduction precipitation of minerals [85]

Nitrate reduction Biocleaning of salt efflorescence [76]

Oxalogenesis Biopassivation of metal surfaces [86]

Removal of black crust on stone

Sulfate reduction artworks [87]

*Images adapted from cited references. Images (from top to bottom): © [75]. © 2017 American Society for
Microbiology. © 2017 Elsevier Ldt. © Emmanuelle Domon Beuret. Laténium. © Eleonora Gioventu & Paola
Lorenzi,
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In iron objects, biomineralization enhances the chances of survival of the object if chlorine-
containing compounds contaminate the corrosion crust around the object [88]. Iron-reducing
bacteria were used under anoxic conditions obtaining as a result the precipitation of stable
biogenic iron minerals, such as vivianite [85], [89]. This precipitate increases the stability of
the iron artefacts (biostabilization). A different approach focused on the removal of the reactive
chlorides-containing corrosion products was also applied. This extraction process used
alkaliphile fungal strains that accumulate chlorinated species as detoxification strategy for
survival in extreme environments. Promising results showed the removal of the harmful

corrosion layer without altering the metal substrate underneath [88].

However, stopping microbial deterioration has been for many years the goal of conservation.
Microorganisms drive the elemental cycling in this planet and therefore are involved in opposite
pathways. Even though some microorganisms can be beneficial for conservation process, it is
usually the case that other microorganisms have been the cause of the problem [73].
Mechanical, physical (e.g. UV radiation) and chemical (e.g. biocides) methods have been used
traditionally to eradicate problematic organisms. But even in this field, new trends move
towards the use of green biocides and biocontrol [72]. Still, reluctances that may arise when
applying microbes to heritage artefacts. Exchange and open discussion are essential in the

interdisciplinary research that involves biologists, conservation scientists, and conservators.

The MICMAC project: Microbes for the archaeological wood conservation
The MICMAC (Microbes for the archaeological wood conservation) project deals with the
problematic of iron sulfides accumulation in WAW. The aim of the project is to develop and
evaluate a preventive bio-based method for the extraction and stabilization of sulfur and iron

compounds when the wood is still wet, before the consolidation step.

Biological treatments for the preservation of WAW have not been deeply studied. However,
some recent research has described the possibility to use bacteria for the direct consolidation of
wood due to the production of bacterial cellulose [90]. Promising results showed that the WAW
treated with the bacteria was reinforced, at least in surface, thanks to the accumulation of
bacterial cellulose [90]. Still, not many studies have focused on the capabilities of
microorganisms to preserve WAW. Indeed, the removal of iron and sulfur species using a
biological approach has only been mentioned in few studies [60], [91]. The different

metabolisms of some microorganisms could be further exploited for the conservation of WAW.
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The specificity of these metabolisms makes them good candidates for treating some of the

1ssues of WAW conservation.

One approach is the solubilisation of problematic iron compounds using microbial iron
chelators, i.e., siderophores. Siderophores are iron-binding compounds with high solubility and
low molecular weight, produced by many bacteria and fungi under iron starvation. They present
high affinity for Fe** and they have been used in other fields such as in agriculture and medicine
[92]. Moreover, their effect in solubilising several iron minerals has been widely studied [93]—
[98]. Siderophores will form water-soluble complexes with Fe** that could be then extracted

from the wood.

Furthermore, oxidation of iron sulfides could also enhance extraction of these phases from the
wood. Oxidation of iron sulfides by sulfur oxidizing bacteria is a selective process already
stablished in “biomining”. Bacterial assisted leaching is an efficient and eco-friendly alternative
to traditional mining methods [99]. However, even though this microbial process is very
successful oxidizing iron sulfides, the high acidic conditions are not ideal in the wood matrix.
Candidates for this project should grow at neutral pH. Some different types of
chemolithotrophic bacteria, like Thiobacillus denitrificans, are able to grow using sulfur and
iron compounds as energy source at neutral pH [100], [101]. Moreover, T. denitrificans, in an
autotrophic bacterium [100]. Carbon dioxide (CO2) would be an essential nutrient, but it is not
expected for this bacterium to attack the wood. 7. denitrificans is a facultative anaerobe able to
oxidise pyrite and other iron sulfides using nitrates (NOs") and producing sulfates (SO4%), as

the final product of the oxidation [102]:
5FeSycs) + 14NO3 + 4H* — 7N, + 5Fe** + 10505~ + 2H,0 (8)
5FeS + 8NO3 + 8H' - 4N, + 5Fe?* + 5507~ + 4H,0 9)

Therefore, in this approach, extraction of iron sulfides could be done by immersing wood in
bacterial cultures and using a trap for sulfates produced. 7. denitrificans has already been
proposed for the removal of iron sulfides from archaeological wood due to its specific
metabolism [60]. However, the iron part of the mineral needs to be considered, as well as the

sulfur moiety in the siderophore approach.

The combination of siderophores and sulfur-oxidising bacteria, we expect, will enhance the

total extraction of iron and sulfur from WAW.
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Research outline

The Swiss National Science Foundation granted the MICMAC project (Professorship Grant
PPOOP2 163653/1, 2016-2020) in 2016. The project continues with the preliminary results
obtained during the BActerial Treatment of wood HEritage (BATHE) project, and a following
master thesis (“Applications biotechnologiques a la préservation des biens culturels en bois”,
2015-2016). The MICMAC project is an interdisciplinary research that involves scientists from
different backgrounds. This PhD thesis deals with the study of the biological process under

revision.
The project is divided in three main working packages (Figure 1.6):

e WPI- Study of the relevant chemical processes in microorganisms.

- Under WPI, the key goal is to deeply understand the chemical processes
involved and to select bacterial strains and extracted siderophores with the best
performance.

e WP2- Definition of an application protocol on model samples.

- Model samples will here be properly altered with sulfur and iron species, fully
characterized and an application protocol carefully defined.

e WP3- Evaluation of the treatment’s performance: efficiency, durability and impact.

- In order to have a comprehensive assessment of the treatment’s advantages and
limits, the following activities are planned: In-depth characterization of the

treatment under study and monitoring of the treatment’s long-term behaviour.

This PhD is mostly involved with tasks in the first and second work-packages. The objective is
to identify and characterize microorganisms or bioproducts that can carry out the desired
metabolisms (i.e., sulfur and iron oxidation, and iron complexation) in the wood matrix.
Research was conducted in parallel for the different metabolisms under study. A similar
experimental plan was followed: first the selection of candidates, and second the optimization
of the conditions. The interaction with minerals phases was the first step into the optimization
prior to work in the wood matrix. The specific interactions of microbes, or its metabolic
products, with iron sulfides and other related minerals are key for the development of a
biotreatment that extracts these compounds from WAW. Finally, studying the effects of the

treatment on the matrix is essential to evaluate the process.

The first chapters are focused on the metabolic processes. Chapter 2 focuses on iron

complexation, and Chapter 3 is directed to the study of sulfur-oxidizing bacteria. Chapter 4 is

24
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about the definition of an application protocol. The combination of the microbial processes
under study were investigated together in the wood matrix. Furthermore, investigation was
carried out to figure out possible interactions with the autochthonous microbial community of
the wood. Finally, Chapter 5 is about the perspectives of the research. The MICMAC project
paves the way to promising green alternatives in WAW conservation and this chapter has
special weight in discussing the fundamental points to take into account for the further in situ

praxis.

Figure 1.6. Schematic representation of the working packages under the MICMAC project.
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IRON COMPLEXATION

The introduction of every section of this chapter is based on the following published review:
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Results are not published yet.

35



Chapter 2 IRON COMPLEXATION

Summary

Iron is essential for life on Earth. It is involved in many metabolic processes. However, it can
be very reactive, and under certain conditions the conversion of iron(Il) to iron(IIl) and vice
versa can produce reactive oxygen species (ROS). When wooden objects accumulate iron, ROS
can catalyse the degradation of cellulose damaging the wood structure and thereafter the object.
In this chapter, we studied different bacteria for their ability to chelate iron from mineral phases
that are usually associated to waterlogged archaeological wood (WAW). In the first section we
selected four strains that presented the highest production rates of iron chelators (i.e.,
siderophores). In the following sections, we studied the effect of these bacteria and their
siderophores on the dissolution of mineral phases in liquid matrix or in model wood samples.
Siderophore-producing bacteria were not as efficient in extracting iron directly from our model
wood samples artificially contaminated with iron and sulfur. However, the possibility of using
directly siderophores could be ideal for future applications. Promising results were observed
with the siderophore deferoxamine, which is commercially available (Desferal®). Similar
extraction rates were measured with this siderophore compared to the chemical chelator EDTA.
Moreover, the siderophore was able to extract iron from mineral phases directly in solution and
in the wood matrix. Especially, its effect in the wood substrate may be less than for the chemical

chelator EDTA, as the last enhanced the degradation of cellulosic substrates analogues.
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2.1 Selection of siderophore-producing bacteria

Abstract

Siderophore-producing bacteria are widely spread. Seven different bacteria species were
selected here to screen their capability to produce siderophores. Chrome Azurol S (CAS) assay
was used as general method of detection for iron chelators [1]. Bacillus species were not able
to produce siderophores in the experimental conditions employed. Serratia ureilytica,
Escherichia coli, Pseudomonas putida, and Streptomyces pilosus, all presented promising

results and were taken to the next step of research.

Introduction

Iron is the fourth most abundant element in the Earth’s crust and is essential for almost all forms
of life [2]. Indeed, iron is involved in many metabolic processes. For instance, it is an important
cofactor of many enzymes and also participates in oxygen transport, respiration, nitrogen
fixation, photosynthesis, and synthesis of DNA, fatty acids, and amino acids [3]. However, iron
bioavailability is very low. Iron solubility and reactivity strongly depend on pH. At neutral pH,
a spontaneous chemical oxidation of iron can be rapid, whereas at low pH this abiotic oxidation
occurs very slowly in water. Moreover, at physiological pH, the concentration of free Fe** ions
is limited due to the formation of low-solubility ferric hydroxides [4]. For an optimal bacterial
growth, the required concentration of iron(III) varies between 10 and 10”7 M [5]. Therefore,
different strategies have been developed to acquire and uptake iron under iron-depleted

conditions.

The production of siderophores (from the Greek: “iron carriers”) in one of the most common
strategies developed by bacteria, fungi, and plants. Siderophores are natural iron chelators, with
low molecular weight (400-2000 Da), and high affinity for ferric iron [6], [7]. They are
produced under iron starvation with the aim to scavenge iron forming soluble iron(III)
complexes. They allow organisms to have access to insoluble iron forms and, in pathogenic
microorganisms, they are involved in the stealing of iron from the host proteins [8], [9]. The
interest on siderophores has been prolonged since the first studies until today with over 500

different siderophores described [10], and new structures being discovered continuously [11].

In general, siderophores present a higher affinity for iron(IIT) than iron(IT). Fe*" ion acts as a
Lewis acid that forms strong complexes with electron-pair donors. Siderophores use negatively

charged oxygen groups as donors forming complexes with iron(IIl) [12]. Most siderophores
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have an octahedral geometry, coordinating iron in a thermodynamically favourable hexadentate
conformation [13], [14]. This configuration satisfies the coordination sphere of iron, forming a
1:1 complex. Siderophores that form 1:3 or 2:3 complexes, and have a bidentate or tetradentate
configuration, respectively, present lower siderophore-iron(Ill) affinity constants (Kr) than

hexadentate chelators [10].

Siderophore production is an efficient and specialized iron-acquisition system that provides a
competitive advantage to many bacteria and other organisms in the environment. Organisms
produce different types of siderophores and may present more than one iron uptake system with
multiple siderophores involved, according to their iron requirements and the environment
around. For example, carboxylate siderophores are useful for microbes living in acidic
environments. This type of siderophores exhibits carboxyl and hydroxyl donor groups (Figure
2.1). At neutral pH, carboxylates are, in general, less efficient in scavenging iron. However,
carboxylate-type siderophores are advantageous at more acidic pH, where they are more

effective than catecholates and hydroxamates, which remain protonated [15].

Catecholate siderophores are meanwhile mostly described in bacteria, and includes
siderophores such as enterobactin (Escherichia coli, Pseudomonas aeruginosa) (Figure 2.1), its
glycosylated-derivative salmochelin (Sa/monella spp.), and bacillibactin (Bacillus spp.) [16].
Catecholate-type siderophores present the highest ferric iron affinities due to the formation of
five-membered chelate rings. In particular, enterobactin has the highest iron affinity constant
(logKs = 49.0) due to its structure with a trilactone backbone with three catechol moieties [10],
[17]. Like catecholates, hydroxamates siderophores form five-membered chelate rings but with
lower iron affinities. Hydroxamates-type siderophores include types of deferoxamine (i.e.,
deferoxamine B (DFOB), deferoxamine E (DFOE)) (Figure 2.1), produced by Streptomyces
species [18].

Mixed type siderophores are characteristic for displaying two or more moieties. These ligands
are supported in different chemical structures such as peptides, and di- and tri-aminoalkanes.
The peptide chain that carries the ligand sites generally includes cyclic structures at the
extremes, which restricts their degradation by proteolytic enzymes. Pyoverdine (PVD),
expressed by fluorescent Pseudomonas spp., is the main example of a complex peptidic mixed-
type siderophore, which contains both hydroxamate and catecholate groups (Figure 2.1) [19].
Other siderophores included in the mixed-type group are aerobactin (produced by E. coli)

(Figure 2.1), which contains hydroxamate and carboxylate moieties, and petrobactin (produced
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by Marinobacter hydrocarbonoclasticus) formed by catechol and carboxylate moieties [15],

[20].

Figure 2.1. The most common iron-binding moieties (Catecholate, hydroxamate, and carboxylate) found in
microbial siderophores and examples. Some siderophores present a combination of the iron-binding moieties and
are known as mixed-type siderophores. Adapted from [21]. © 2019 Elsevier Inc.
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In the culture collection at the host institution, we have access to a wide range of different
bacteria already isolated and characterized. Bacteria producing different types of siderophores
were chosen for the experimental procedure. Thus, the goal of this section is to select bacteria
with the best production rates of siderophores that will be further investigated to remove

harmful species from waterlogged archaeological wood.

Materials and methods

Bacteria and culture conditions

Bacillus subtilis, Bacillus thuringiensis (strain 105NE), Escherichia coli (strain K12),
Pseudomonas fluorescens (strain SN6), Pseudomonas putida (strain 90), Serratia ureilytica
(strain Lr5/4), and Streptomyces pilosus (strain ETH 11686) were selected for their ability to
produce siderophores. All bacteria, except S. pilosus, were cultured in Nutrient Broth (NB) at
28 °C (Pseudomonas spp. and S. ureilytica) or 37 °C (Bacillus spp. and E. coli). S. pilosus was
kept in Glucose-Yeast-Malt (GYM) medium at 28 °C. All bacteria, except S. pilosus, were
obtained from the culture collection of the Laboratory of Microbiology, University of
Neuchatel, Switzerland. S. pilosus (DSM 40097) was purchased from the German Collection
of Microorganisms and Cell Cultures (DMSZ GmbH, Germany). All media are described in the

supplementary material section.

Siderophore production and quantification

Bacterial strains were pre-cultured three times in a modified M9 medium [22] (MM9), prepared
in ultrapure Milli-Q® water (Milli-Q® Reference Water Purification System, Merck). All
glassware was washed with HCI and Milli-Q® to assure iron-free conditions. Finally, MM9
medium was inoculated from an overnight pre-culture to a final volume of 1% (v/v). Cultures
were incubated at 28 °C in high agitation. After the cultures had grown to the stationary phase
the capability to produce siderophores was studied using Chrome Azurol S (CAS) assay [1].
We followed the procedure of Alexander and Zuberer (1991). Briefly, the cells were recovered
by centrifugation (2500 g for 10 min) and the supernatant was filtered through a 0.22 um PVDF
filters (BGB Analytik, Switzerland). The concentration of siderophores in the filtrate was
measured by mixing 100 uL of CAS assay solution, with 100 pL of filtrate in a 96-well plate.
After allowing the solutions to equilibrate for 3-4 h, UV-Vis absorbance was measured at 630
nm. Decrease of the absorbance at 630 nm is translated to a higher concentration of iron

chelators in the extract. A standard curve with known concentrations of siderophore
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(Pyoverdine, Sigma, United States) was achieved following the same procedure as for the

samples (Figure S 2.1).

For Pseudomonas species, the most common siderophore produced is pyoverdine (PVD), which
presents a peak in absorbance around 400 nm (€400 nm 1.85-10* mol-L-!-cm™) [23]. Consequently,
the production of PVD was registered independently from CAS assay at 400 nm. A standard
curve with known concentrations of PVD (Sigma, United States) was prepared (Figure S 2.1).

P. fluorescens was considered as control in this experiment as their capacity to produce
siderophores is widely studied. To show the dependency of the production of siderophores to
iron levels, P. fluorescens was inoculated in MM9 medium amended with 1% of a solution

containing: 1 mM FeCl;-6H>0 and 1 mM EDTA.

All absorbance values were recorded with an Asys UVM 340 Microplate Reader (Biochrom
Ltd, United Kingdom). All media and solutions are described in the supplementary material

section.

Results and Discussion

In this preliminary experiment, different bacteria were tested for their capability to produce iron
chelators (i.e. siderophores). The study focused on the production of siderophores by
microorganisms over other organisms due to the easier handling and faster growth, producing
high amounts of siderophores in short-time periods. Moreover, plant siderophores usually
present lower stability constants [6]. Furthermore, we selected to work with bacterial
siderophores over fungal siderophores for the known capability of some wood-decaying fungi
to produce siderophores [6], [24]. In fact, fungal siderophores have been studied as an eco-
friendly alternative in bleaching of pulps [6]. Therefore, fungal siderophores could be harmful

in our specific application in WAW.

The main criteria to select the bacteria for this experiment were: (1) the capability to produce
siderophores, (2) the safety of the object and (3) the potential pathogenicity of the strains.
Bacterial siderophores have not been described, in contrast to fungal siderophores, to participate
in wood-decay processes. Still, the safety of bacterial siderophores, in regard to wood

degradation, is developed later in this chapter.

The other two main criteria were also respected as much as possible. All the bacteria selected
in this first experiment, or their genera, have been described before to produce siderophores [3],

[25]-[28]. Moreover, all screened bacteria are classified as risk group 1 in Switzerland, and
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therefore, are not pathogenic under normal circumstances [29]. However, Pseudomonas species
carry a special remark: “Pathogenic In Individual Cases, PIIC” [29]. This involves that these
bacteria are “shown or suspected to be pathogens in individual cases, predominantly in people
with substantial immune deficiency” [29]. Previous studies in bioconservation have used the
metabolisms of Pseudomonas species under this classification [30]. Therefore, the handling of
these specific strains needs to be conducted by trained personal, but their application to

preservation of cultural heritage is still possible.

For the screening, CAS assay was selected as method to quantify siderophores production [1].
The addition of any iron chelator in the growth medium will interfere with the final results of
the assay. Therefore, the growth media commonly used with CAS assay have reduced level of
phosphates, or other interfering components [22]. The growth conditions chosen here were the
same for all bacteria, even though this sometimes translated to inefficient growth of some
strains. For example, B. subtilis and B. thuringiensis presented very bad growth in the chosen
culture conditions. Both bacteria have been described previously for their production of
bacillibactin [15], [28]. However, we could not manage to obtain siderophores production in
the experimental conditions. These bacteria were not able to develop correctly in MM9 medium
(Table 2.1). In both, solid and liquid cultures, the strains were not able to grow unless
casaminoacids or another additional nutritive source were added. However, when
casaminoacids were added to the growth medium, no siderophore production was detected. Iron
regulates the production of siderophores. Small amounts of iron in solution inhibit the
production and secretion of siderophores [31]. Rich media cannot be considered for the
production of siderophores, and siderophores studies are usually conducted in minimal media
[32]-[34]. Bacillus species were not considered further in this project as we could not manage

to obtain siderophore production in the experimental conditions chosen.

The next bacterium under study is S. ureilytica Lr5/4. This specific strain was isolated from a
double layer microbial mat in a source pond at 54 °C in in the Andean highlands of northern
Chile. It presents an optimal growth at 25 °C and pH 5-6 [35]. The genus Serratia has been
described previously for the production of siderophores. S. ureilytica has been isolated as a
plant growth promoting bacteria. This isolated strain was characterized as siderophore-
producing [36]. In this study, S. ureilytica Lr5/4 was able to grow in the MM9, both liquid and
solid, and a high concentration of iron chelators was detected in the bacterial extract up to 20.84

mg-L! (Table 2.1).
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Enterobactin is one of the most studied siderophores. We included E. coli in the initial screening
due to the high affinity of enterobactin for iron [17]. However, as for the Bacillus strains, E.
coli presented limited growth in MM9 at 28 °C. Still, we detected a final concentration of iron

chelators of 18.17 mg-L! (Table 2.1).

Pseudomonas strains are well known for their capacity to produce siderophores. Pyoverdine
(PVD), the main siderophore produced by Pseudomonas spp. has been well characterized in
literature [25]. The chromophore group is usually common to all pyoverdines, while the peptide
moiety differs among strains and species by the number, length, composition and configuration
of amino acids [25]. In this study, two species of fluorescent Pseudomonas, P. fluorescens and
P. putida, were selected for their known capacity to produce PVD [37]. The advantage of
working with Pseudomonas over the previous bacteria is their ability to grow at lower
temperature and in poor culture media. In the conditions used here, we obtained concentrations
of iron chelators of 26.94 mg-L!, for P. fluorescens, and 25.84 mg-L! for P. putida, when
measuring with CAS assay (Table 2.1). When using direct detection of PVD, by measuring the
absorbance at 400 nm, we detected 12.53 mg-L! of PVD in the extract of P. fluorescens, and
19.33 mg:-L! of PVD in the extract of P. putida (Table 2.1). Differences between the two
detection methods are expected. CAS assay is not specific of any type of siderophore, while
measuring the absorbance at 400 nm give us a reading of only PVD concentration.
Pseudomonas spp. are known to produce other types of siderophores along with PVD [38§],
[39]. The higher concentrations detected with CAS assay imply that these bacteria may be

producing other iron chelators, apart from PVD, under the experimental conditions.

Finally, an Actionobacteria such as S. pilosus was considered in the screening for the recognized
capability of this bacterium to produce deferoxamine (DFO). The structure of this hydroxamate
siderophore was elucidated by scientists last century [40], and nowadays, DFO is the chemical
principle of Desferal®, a commercially available drug used for treating iron or aluminium
poisoning [41]. The possibility of having a commercially available siderophore is of great
interest for us. An already available “green-chelator” in the market facilitates the application
by end-users. We incubated S. pilosus in MM9 medium for 20 days to arrive to a final DFO
concentration of 27.70 mg-L!. After 7 days, the concentration was about 15.48 mg-L"!. Longer
times are needed for S. pilosus to start producing siderophores in comparison to the other

bacteria tested that arrived to peak of production after 1-3 days.
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The detection of siderophores when the medium was supplemented with a bioavailable iron

source was negligible. Siderophores production was only stimulated under iron-depletion.

Table 2.1. Siderophores concentrations calculated in cell-free extracts. CAS assay was used as a general method
to quantify siderophores in the bacterial extracts. The production of PVD by Pseudomonas species was followed
in parallel at 400 nm.

Siderophore PVD
A 630 nm concentration A 400 nm concentration
(mg-L™) (mg-L™)
Control MM9 0.56 £0.00 - 0.03 -
Control MM9-Fe
(Pseudomonas 0.54 +£0.00 - 0.06 +£0.00 -
Sfluorescens)

Bacillus thuringiensis 0.56 £0.05 - - -
Bacillus subtilis 0.57 £0.01 - - -
Escherichia coli 0.22 £0.01 18.17 +0.74 - -

Pseudomonas 0.07 £0.00 26.94 +0.06 0.15 +0.02 12.53 +2.80
fluorescens

Pseudomonas putida 0.09 +0.01 25.84 +0.43 0.18 +£0.01 19.33 £1.02

Streptomyces pilosus 0.06 +£0.00 27.70 £0.22 - -

Serratia ureilytica 0.17 £0.00 20.84 +£0.18 - -

Values of read absorbance and calculated concentrations +standard deviation of two or three replicates

Conclusion

The bacteria selected in this study presented different capacities to produce siderophores in the
chosen conditions. The Bacillus species were not able to grow and therefore no siderophore
production was registered in medium MMO. E. coli also presented growth issues in the culture
conditions, however catecholate siderophores form some of the strongest iron complexes, and
we decided to continue with E. coli in following experiments. Pseudomonas species are well-
known siderophore producers. The capacity to produce high amounts of PVD makes them ideal

candidates. For next experiments we decided to continue only with P. putida.

S. ureilytica turned out to have one of the highest productions of siderophores in MM9 medium.
This strain is not as documented as the other selected bacteria. Further analyses are needed to

determine the nature of the iron chelators present in the bacterial extract.
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Finally, S. pilosus presented the highest concentration of siderophores in the cell-free extract.
However, to get these amounts we needed to incubate the bacteria for 20 days. Longer times
and a fungi-like morphology are not ideal in a possible direct application of S. pilosus in the
wood matrix. We decided to further study this bacterium as we are interested in the possibility

of using the commercial siderophore (i.e., Desferal®) obtained from it.
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Supplementary material 2.1

Table S 2.1. Composition of Nutrient Broth (NB).

NB medium
Peptone 15¢g
Yeast extract 3g
NaCl 6g
Glucose lg
H204 1000 mL

Final pH 7.5 (£0.2) at 25 °C. Autoclaved

Table S 2.2. Composition of Glucose-Yeast-Malt (GYM) medium.

GYM medium
Glucose 4g
Yeast extract 4g
Malt extract 10g
JSLIOX 1000 mL

Adjust to pH 7.2. If preparing solid medium add 2 g CaCOs. Autoclaved
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Table S 2.3. Composition of the modified M9 medium [22]: MMO9.

MM9 medium
Solution 1 100 mL
Solution 2 10 mL
Milli-Q® 890 mL
Solution 1 (10X)

PIPES 60,5 g
KH2PO4 0,6¢g
NaCl lg
NHa4Cl 2g

In 200 mL Milli-Q® water at pH 6.8 (adjusted with NaOH 10M). Autoclaved

Solution 2 (100X)
Glucose 20g
MgCl2-6H20 4,06 g
CaCl 0,11¢g
MnCl2-4H20 0,0136 g
H3;BOs 0,014 g
CuCl2-2H20 0,27 mg
ZnCl 5,68 mg
Na:MoO4-2H.0 0,0lg
In 100 mL Milli-Q® water. Filter-sterilized
Table S 2.4. Composition of Chrome Azurol S (CAS) solution [22].
CAS solution
HDTMA 21.9 mg
FeCls-6H20 0.41 mg
CAS 9,1 mg
MES 976 ¢g
Milli-Q® 100 mL

pH adjusted to 5.6
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Figure S 2.1. (a) Standard curve prepared with known amount of commercial PVD for the CAS assay. (b) Standard

curve prepared with known concentrations of commercial PVD for the direct measurement of this siderophore’s
absorbance.
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2.2 Interaction of siderophores with minerals

Abstract

Iron-bearing minerals are a huge reserve of iron in the environment. Microbes have developed
tools, such as siderophores to access this low soluble iron. In this section, we studied how the
four selected bacteria, Escherichia coli, Pseudomonas putida, Streptomyces pilosus and
Serratia ureilytica, interact with four different iron minerals. Moreover, the purification of
pyoverdine from P. putida cultures, allowed us to directly study the effect of siderophores in
mineral dissolution. The effects of pyoverdine were compared to the commercial siderophore
Desferal® and to a chemical chelator. We observed that the bacteria were able to grow with the
different mineral phases in a similar way as when bioavailable iron was given. In some of the
cases, siderophores were found to be the key for a normal development in presence of iron
minerals, while in other cases abiotic oxidation may have released in solution the minimal
amounts of iron necessary to growth preventing the production of siderophores. However, the
direct interaction of siderophores with the same mineral phases proved that siderophores
enhance the dissolution of iron-bearing minerals, being ideal candidates to extract problematic

iron from waterlogged wooden artefacts.

Introduction

Waterlogged archaeological wood (WAW) accumulates mostly iron sulfides during burial [42].
However, these species can be quickly oxidized. The formation of iron oxides and
oxyhydroxides is commonly detected during the recovery of waterlogged wooden objects [43].
The extraction of iron from wooden artefacts is essential to avoid further degradation via
Fenton-like reactions [44]. So far, chemical chelators have been used to extract iron from WAW

[45], [46]. However, a biological approach is possible using siderophore-producing bacteria.

The first function of siderophores in nature is to sequester iron from the environment allowing
the correct development of organisms. In terrestrial and aquatic environments, iron may be
present as part of iron-bearing minerals, forming complexes with ligands, and/or bound to
organic materials. In particular, in oxic environments, iron is mostly found as iron(IIl) oxides
and oxyhydroxides [47], whereas in reducing environments, such as waterlogged soils and
flooded zones, iron may be found as iron(II) soluble species and oxides. In reducing conditions,
ferrous iron sulfides (i.e. pyrite, FeS>) may ultimately form. Other iron-bearing secondary

minerals, such as carbonates (siderites, FeCO3) are also present in soils [48].
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The problem for living organisms to access these iron pools is the low solubility and dissolution
kinetics of these iron phases. Siderophores have been developed to make the iron present in
these minerals available to the organisms. For example, Kraemer (2004) described in detail the
process for siderophore-driven solubilization of goethite (a-FeOOH), summarized here in egs.

1,2 and 3:

o — FeOOH + 3H* > Fe(lll) + 2H,0 Ks (1)
Fe(II) + HyL — Fel + 3H* KreL )
o — FeOOH + HiL — Fel + 2H,0 Ks.L (3)

Equation 1 represents the dissolution reaction and the corresponding solubility product Ks.
Reaction 2 describes the complexation reaction of iron with a siderophore (L) and the
corresponding stability constant Kr... Equation 3 combines the dissolution reaction in the
presence of a siderophore, where Ks1 equals Ks x KreL. Therefore, the concentration of the
complex depends on the concentration of the free siderophore, the solubility product of the
mineral and the stability constant of the Fe-complex ([FeL]=[H3L] x Ks,. = [H3L] x Ks X KpeL).
Thus, the high affinity constant of siderophores for iron is result of evolution in response to the
low solubility of iron oxides at neutral and alkaline pH and to the issue of low concentrations

of ligands [47].

The solubility of iron oxides (including iron oxides and iron oxyhydroxides) is also influenced
by particle size, pH, and presence of organic ligands [47]. Indeed, low molecular weight organic
acids (LMWO) are secreted to promote mineral dissolution [49]. However, siderophores form
more stable complexes with iron(IIl) than organic acids. The affinity constants of ferri-
siderophores are in the logarithmical range between 30 to 50 [10], while the log binding affinity
for iron(Ill) of LMWO is lower (e.g. oxalic acid logKs = 7.5; citric acid logKr = 17) [50].
Nonetheless, combining LMWO with siderophores has been reported to increase dissolution

rates of iron oxyhydroxides due to synergistic effects [49], [51].

In this project, we are interested also in iron sulfides, thus ferrous iron complexation. Not many
studies focus on the interaction of siderophores with iron(Il). However, some researchers
highlight the capacity of siderophores to oxidize iron(Il) to iron(IIl) to establish the stronger
bond they form with ferric iron [52], [53]. Moreover, the dissolution of pyrite is enhanced by

siderophores [27].

Our goal in this study was to investigate the interaction of the previous selected bacteria and

their extracts with different iron oxides and iron sulfides. The aim was to figure out if the
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selected bacteria would be able to sequester directly the iron from minerals, in case of a possible
direct application of these bacteria to WAW. Furthermore, some experiments focused on the
isolation, purification and characterization of the siderophores produced by some of the selected

bacteria, and the direct interaction of the extracts with the same mineral phases.

Materials and Methods

Bacteria and culture conditions

Serratia ureilytica (strain Lr5/4), Escherichia coli (strain K12), Pseudomonas putida (strain
90), and Streptomyces pilosus (strain ETH 11686) were selected to analyse the production of
siderophores in presence of different iron minerals. All bacteria were cultured in NB (Table S
2.1) at specific temperature, except S. pilosus that was kept in GYM (Table S 2.2) medium at
28 °C.

Iron minerals and chemicals.

Goethite (a-FeOOH) (Alfa Aesar, United States), hematite (Fe>Os3) (Acros Organics, United
States), mackinawite (FeS) (Acros Organics, United States), and pyrite (FeSz) (Sigma-Aldrich,
United States) were selected for this experiment. All minerals were obtained with a purity of
99.8% or higher (trace metal basis). Four minerals can be found in WAW. Minerals were

sterilized by autoclaving or washing with ethanol 70% (v/v in deionized water).

Commercial iron chelators were purchased to compare the efficiency with lab extracted
siderophores. Deferoxamine mesylate salt (DFOM) was purchased as Desferal® (Novartis AG,
Switzerland). Ethylenediaminetetraacetic acid (EDTA) was obtained as salt (Na;-EDTA)
(Apollo Scientific Ldt., United Kingdom). Pyoverdine (PVD) was obtained as a mix of
pyoverdines from P. fluorescens, with purity higher than 90% (Sigma-Aldrich, United States).

Chemicals to prepare the different buffers used in this experimental section were purchased
with a purity over 98%. HEPES, Tris-HCI, citrate and acetate buffers were prepared using: N-
2-hydroxyethylpiperazine-N'-2-ethane sulphonic acid (HEPES) (Carl Roth, Germany),
tri(hydroxymethyl)aminomethane (Tris) (Acros Organics, United States), citric acid (Carl Roth,
Germany), citric acid trisodium salt dihydrate (Acros Organics, Unites States), sodium acetate

(Acros Organics, Switzerland), glacial acetic acid (Carl Roth, Germany), respectively.

Ferrozine: (5,6-Diphenyl-3-(2-pyridyl)-1,2,4-triazine-4,4'-disulfonic acid disodium salt
hydrate) (Alfa Aesar, United States) and hydroxylammonium chloride (Huber Lab,

Switzerland) were obtained also with a purity over 98%.
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All solutions were prepared with ultrapure Milli-Q® water (Milli-Q® Reference Water
Purification System, Merck, Unites States) with resistivity of 18.2 MQ.cm (at 25°C) and a Total
Organic Carbon (TOC) value below 5 ppb.

Siderophore production and quantification in presence of minerals

Experiments were conducted in 100 mL propylene bottles to avoid iron contamination. Three
pre-cultures in MM9 medium (Table S 2.3) were made to assure no iron presence. 50 mL of
MM?9 were inoculated from an overnight pre-culture to a final volume of 1% (v/v). Minerals
were added to a final concentration of 1 g-L'!. Cultures where incubated at 26 °C (+1 °C) and
120 rpm. Controls without any iron source and with soluble iron (bioavailable iron) were
conducted, along with abiotic controls. Iron was supplemented to the medium as 1% (v/v) of a
solution containing: 1 mM FeCl3-6H20 and 1 mM EDTA. Samples were withdrawn regularly
from the cultures to measure: 1) the growth of the bacteria by increase in the Optical Density
(OD) at 600 nm, or in the mass in the case of S. pilosus, 2) the siderophore production, and 3)

the release of iron from minerals (Ferrozine assay).

Chrome Azurol S (CAS) assay [1], was used for general determination of the concentration of
siderophores in the extract of the bacteria. We followed the procedure of Alexander and Zuberer
(1991) (see section 2.1). PVD production was registered following the absorbance at 400 nm
(€400 nm 1.85-10* mol-L-"-cm'[23]). A standard curve with known concentrations of PVD has

also been previously prepared (Figure S 2.1).

Purification of siderophores

P. putida was selected for this preliminary test of purification due to the easy detection of PVD.
The production of siderophores was conducted in 2 L Erlenmeyer flasks HCl-washed. Three
sequent pre-cultures in MM9 medium with succinic acid instead of glucose (MMO9-S) were
made to assure no iron presence. Glucose was removed from solution 2 (Table S 2.3) and
succinic acid was added to a final concentration of 2 g'L'l. 1 L of MM9-S per flask was
inoculated from the last pre-culture to a final volume of 0.5% (v/v). Cultures where incubated
at 26.5 °C and 130 rpm. After reaching the stationary phase, cells were recovered by
centrifugation (2500 g for 10 min) and the supernatant was filtered through a 0.22 um
membrane filter (Millipore, United States). Extracts were preserved at 4 °C until final

purification.
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The solid-phase extract of the cell-free supernatant was prepared using Chromabond C18ec
columns containing 500 mg of octadecylsilane (Macherey-Nagel, Germany). The cell-free
extract was applied to the C18ec column, which was conditioned with methanol and water. For
every 200 — 250 mL of extract one new column was used. The C18ec columns were eluted with
3 mL water (in two times) and with 5 mL of methanol 50% (v/v) (in two times). All eluates
were then dried by evaporation (Concentrator plus, Eppendorf, Germany), weighted and kept
at -20 °C. UV-Vis spectroscopy and Nuclear Magnetic Resonance (NMR) spectroscopy were

applied to determine the nature of the pyoverdines in the different eluates.

Mineral dissolution in presence of siderophores

All dissolution experiments were conducted in 50 mL propylene tubes containing or hematite,
goethite, mackinawite, or pyrite with a concentration of 1 g-L-!. The tubes were wrapped with
aluminium foil to exclude light and shaken continuously on an orbital shaker at 180 rpm at RT.
Several experimental conditions were established. The dissolution of the fours minerals was
studied under the presence of two siderophores (PVD and DFOM) and one chemical iron
chelator (EDTA). The purified PVD, DFOM and EDTA were used in a final concentration of
200 uM. Each mineral was incubated with each iron chelator or alone (control) at different pH.
Citrate and acetate buffers were used to maintain pH 5.6. Tris-HCl and HEPES were used to
keep pH 7. Dissolution was also studied under no buffered conditions. All solutions were
prepared with Milli-Q® water. The total iron concentration was measured in solution after 5
days. Samples were analysed by Inductively Coupled Plasma-Optical Emission Spectrometry
(ICP-OES) and Ferrozine assay.

Analytical methods

Ferrozine assay

The Ferrozine® assay [54] measures iron(Il) concentrations in solution. Briefly, samples were
filtered through a 0.22 um PVDF filters (BGB Analytik, Switzerland) and then diluted 10:1 in
5 M HCI. 100 uL of the fixed sample was mixed with 900 puL of Ferrozine reagent 0.1% (w/v)
prepared in 100 mM HEPES pH 7. To measure total iron, 150 pL of hydroxylamine-HCI were
added to the previous mixture. The absorbance was measured at 562 nm after incubation in the
darkness at RT. Total iron and iron(Il) in solution were calculated using prepared standard
curves with known concentrations of iron (Figure S 2.1). Iron(IIl) concentrations are calculated

subtracting iron(II) concentrations to total iron.
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Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) was applied to
determine total iron concentrations in the different experimental solutions. Samples were first
filtered through a 0.22 um PVDF membrane (BGB Analytik, Switzerland) and then diluted into
the detection range (0-2 ppm). Diluted samples were loaded into the ICP using a peristaltic
pump, and a cyclonic spray chamber connected to a nebulizer (Perkin-Elmer, United States) to
provide high sample transfer. Total iron concentrations were determined using an Optima 2100

DV (Perkin-Elmer, United States) optical emission spectrometer.

Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy was performed on a Bruker Avance II 400
spectrometer equipped with a BBOF+ probe operating at 400 MHz for IH-NMR. Chemical
shifts (d-values) are reported in parts per million (ppm). Spectra were calibrated according to
the deuterated solvents (D20) residual proton chemical shifts: 4.79 ppm (1H-NMR). Spectra

were analysed using MNova 9.0 (Mestrelab Research) software.

pH measurements
A 691 pH Meter Metrohm (Metrohm AG, Switzerland) was used to control the pH of the
solution over time with an ionic electrode (unitrode 6.0259.100) calibrated with buffer solutions

(pH 4, 7 and 9).

UV-Visible (UV-Vis) spectroscopy

Absorbance values were registered with a 96-well microplate reader (Asys UVM 340
Microplate Reader, Biochrom Ltd, United Kingdom) when measuring a specific wavelength
(i.e., 400, 562, 600, 630 nm for PVD, Ferrozine, OD and CAS, respectively). Whole absorbance
spectra (350 to 600 nm) were recorded using a UV-Vis spectrophotometer (Lambda 25 Perkin
Elmer, United States).

Statistical analyses

In the mineral dissolution experiment, for each mineral and chelator studied, the statistical
significance of the data between the different buffers employed (3 replicates, n = 3) was tested
with Welch two sample t-test in RStudio (Version 1.3.1093). The statistical significance
threshold was set to 1%.
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Results and Discussion

Siderophore production and quantification in presence of minerals

Siderophores drive the dissolution of insoluble iron phases allowing the bacteria to access these
iron pools [6]. Iron oxides and oxyhydroxides commonly found in recovered waterlogged wood
are solubilized by siderophores in nature [33], [55]. Here, we observed that Pseudomonas
putida and Escherichia coli were able to grow with goethite (a-FeOOH) and hematite (Fe2O3),
as model for these type of iron minerals, due to the production of siderophores (Figure 2.2 and

2.3).

In particular, the growth of P. putida followed a similar trend with bioavailable iron as with
goethite and hematite (Figure 2.2). On the contrary, when iron was no present in solution the
bacterial growth was much lower (Figure 2.2). The production of pyoverdine (PVD) in presence
of goethite and hematite allowed the bacteria to develop in the same conditions as when iron
was soluble in the solution. A similar study found that Pseudomonas mendocina was able to
grow with hematite as with chelated-Fe. Siderophore production was detected in hematite
solutions but not in the chelated-Fe extracts [56]. However, the authors also proposed that the
reduction of iron plays a role in iron acquisition, as some cell-free extracts showed reduction
activity. Still, siderophores were defined as the main mechanism for iron acquisition from
hematite [56]. Here, we did not study if the supernatant solution was reductive. But the
differences in production of siderophores between the solid-phases solutions and the
bioavailable-iron solutions and similar growth in both cases (Figure 2.2), match the hypothesis

that siderophores are highly involved in the chelation of iron from goethite and hematite.

The production of siderophores in respect to growth (as measurement of the optical density at
600 nm), reached the maximum levels when no iron source was present (Figure 2.2). However,
the absolute amounts of PVD were higher when the minerals were present. The maximum
concentration of PVD in solution was 16.50 mg-L"! when hematite was present, 14.52 mg-L'!

when goethite was present, and 7.47 mg-L™! when no iron was present.

The dissolution of iron sulfides by siderophores has not been widely studied. Interaction of
siderophores with these iron phases are not considered as these minerals will oxidize in oxic
environments and, siderophores are mostly related to aerobic bacteria [7], [S7]. Indeed, P.
putida in presence of mackinawite (FeS) and pyrite (FeS,) produce negligible levels of PVD
(Figure 2.2). Moreover, the growth of the bacteria was more important than when iron was

bioavailable in solution. Levels of iron between 10 and 40 uM were calculated with the
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Ferrozine assay for mackinawite and pyrite solutions (Table S 2.5). These values overpassed
the concentration added in the bioavailable iron control. The hypothesis is that mackinawite
and pyrite released small amounts of iron under the experimental conditions that was used by
the bacterium. Abiotic controls also presented iron in solution confirming abiotic dissolution
(Table S 2.5). Regarding goethite and hematite, no iron was detected in solution after the
incubation time. The concentrations of siderophores calculated, approximately, using the
molecular weight of the most common siderophore for each bacterium (i.e., PVD for P. putida),
varied from 0 to ~280 uM PVD in hematite solutions, and from 0 to ~245 uM PVD in goethite
solutions. These concentrations of siderophores could correlate to extracted amounts of iron in

the biological range (10 — 0.1 uM) [58], that couples with the observed growth (Figure 2.2).

The pH of the experimental growth medium (MM9, Table S 2.3) was adjusted to 6.8. Stability
of iron minerals is highly related to the pH. Iron oxides present minimum solubility at neutral
to alkaline pH [47]. The pH at 6.8 could also explain why no iron was detected in solution when
these minerals were present. However, the pH was buffered close to neutrality to favour

bacterial growth and siderophore production in this experiment [59].

Figure 2.2. (a) Growth of the bacterium P. putida with the four different iron minerals under study (hematite,
goethite, mackinawite and pyrite) in comparison to the controls without iron and with soluble iron, followed by
the increase of OD at 600 nm over time. (b) Concentration of PVD (mg-L™) per relative growth (OD at 600 nm)
over time.
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Figure 2.3. (a) Growth of the bacterium E. coli with the four different iron minerals under study (hematite,
goethite, mackinawite and pyrite) in comparison to the controls without iron and with soluble iron, followed by
the increase of OD at 600 nm over time. (b) Concentration of siderophores (mg-L) per relative growth (OD at
600 nm) over time.

On the contrary, small growth or no growth was detected when E. coli was incubated with
mackinawite and pyrite, respectively (Figure 2.3). The temperature was not the optimum for .
coli’s growth. However, all experimental set-ups were conducted in the same conditions and
growth was observed for the other four conditions. Toxicity has been associated with iron
sulfides in nature due to metal contaminants [60]. However, the solid phases used here were
pure. Iron was also detected in solution here with these two solid phases (Table S 2.5).

Therefore, other associated toxicity or a manipulation mistake may have occurred.

The weathering of iron oxides by E. coli siderophores (mostly enterobactin) has not been widely
studied. In nature, enterobactin sequesters iron in the gut environment. Therefore, most studies
have focused on interaction with human proteins or other iron chelators [61]-[63]. However,
presenting the strongest affinities for iron it is likely that enterobactin can favour the dissolution
of iron oxides. In this study, E. coli was also able to grow in the presence of iron oxides as when
iron was soluble in solution (Figure 2.3). In this case, the production of siderophores was also
related to the acquisition of iron from iron oxides, and therefore the normal growth of the
bacterium (Figure 2.3). The production of siderophores was also higher in respect to growth
when no iron source was present (Figure 2.3). The maximum concentration of siderophores was

15.64 mg-L"! when hematite was present, 8.34 mg-L-! when goethite was present, and 10.59
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mg-L"! when no iron was present. Small amounts of siderophores (3.30 mg-L!) were also

detected when iron was bioavailable.

The release of iron from goethite and hematite was also here under the detection limit of the
Ferrozine assay. Approximate enterobactin calculated levels for E. coli solutions ranged from
0 to ~480 uM in hematite solutions, and from 0 to ~250 uM in goethite solutions. This and the
solution pH could also translate to iron levels in the range required for bacterial growth (10 —

0.1 uM) [58].

Serratia spp. are known for producing siderophores [28]. Mostly studied as plant-growth
promoters, Serratia siderophores are part of the soil environment [64], therefore mineral
weathering is likely to be influenced by these compounds. Strain Lr5/4 showed promising
results in the previous section with high production of siderophores. In this experiment, the
levels of iron chelator in solution reached 25.78 mg-L"!, when no iron was present. However,
the bacteria failed to grow with hematite (Figure 2.4), and consequently studying the production
of siderophores here was not possible. On the contrary, the bacteria were able to use goethite
as iron source (Figure 2.4), and siderophore production was registered with a maximum
concentration in solution of 12.55 mg-L™!. The production of iron chelator was still higher when

no iron was present (Figure 2.4).

In the case of S. ureilytica, no iron was either detected in solutions with iron oxides (Table S
2.5). No growth was observed with hematite what could relate with no iron in solution. But iron
was not registered either in goethite solutions. S. wreilytica Lr5/4 siderophore is not yet

identified and an approximative calculation of molar concentration was not possible.

Growth with iron sulfide phases was in the same range as for soluble iron in solution. As in the
case of P. putida, no siderophore production was registered here (Figure 2.4), but iron was
detected in solutions by Ferrozine assay (Table S 2.5). An abiotic oxidation of these minerals
could have released iron into solution, allowing the bacteria to profit this iron without the need
of metabolically investing in the production of siderophores. However, previous studies have
shown the capacity of Serratia-siderophores to efficiently dissolve pyrite minerals. Using
arsenopyrite, researchers shown that when siderophores were in solution iron concentration

increased [27].
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Figure 2.4. (a) Growth of the bacterium S. ureilytica with the four different iron minerals under study (hematite,
goethite, mackinawite and pyrite) in comparison to the controls without iron and with soluble iron, followed by
the increase of OD at 600 nm over time. (b) Concentration of siderophores (mg-L") per relative growth (OD at
600 nm) over time.

The growth of the Streptomyces pilosus was followed by the increase in mass over time (Figure
2.5). The correct growth was impossible to follow in presence of the solid phases due to the
accumulation of solids inside the mycelia (Figure 2.6). Differences were observed between the
independent replicates translating to high standard deviations (Figure 2.5), and consequently,
no significative differences were observed in the growth of the bacteria without iron and when
iron was bioavailable in solution. Only an initial faster growth was observed in solutions with

bioavailable iron (Figure 2.5).

Deferoxamine B (DFOB) has been used as model for many weathering studies [65]-[68]. Direct
interaction of S. pilosus and minerals also showed that the production of siderophores was one
of the factors that enhanced weathering [69]. However, we could not detect the production of
siderophores by S. pilosus when incubated with the different minerals (Figure 2.5). Moreover,
the bacteria were accumulating the minerals inside the mycelia (Figure 2.6). This feature may
have aided the bacteria to directly attack the mineral without the need of producing
siderophores, or with very low concentrations that are under detection. This characteristic can
be interesting in applications for recovery of minerals. For our particular case, it may be difficult
to establish a direct application of S. pilosus in the wood matrix. The accumulation of iron
sulfides in WAW has been described to be mostly on the surface (first few cm) [70]. Still,

bacteria need to reach as deep as possible to extract all problematic iron. S. pilosus may
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encounter problems entering the wood matrix and its effectiveness to extract iron would depend

on the adequate diffusion of the siderophores produced.

Figure 2.5. (a) Growth of the bacterium S. pilosus in presence of bioavailable iron or without iron, followed by
the increase of dry mass (mg) over time. (b) Increase in the concentration of siderophores (mg-L™) over time when
the bacteria are in presence of five different sources of iron, or without iron (control).

Goethite Hematite Mackinawite Pyrite

Figure 2.6. Visual aspect of the cultures of S. pilosus during incubation with different minerals: goethite, hematite,
mackinawite, and pyrite. The minerals have been captured within the bacteria mycelia.
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Purification of siderophores

The direct application of microorganisms in the field of bioconservation is a common praxis
[71]1-[73]. Previous studies have even investigated the advantages of applying directly active
cells over the use of enzymatic extracts [74]. For their application, the direct employment of
bacteria was favoured as other secondary metabolites, apart from enzymes, helped in the
biocleaning process. The use of enzymes alone had a reduced effectiveness as they only worked
in their specific substrate [74]. However, for our application, we decided to isolate and study
the direct effect of siderophores in iron extraction. In the previous section, we observed that
when using active cells, the amount of siderophores released in solution varied over time and
was just enough for obtaining iron for bacterial development. Purification of siderophores will

allow the use of constant and higher concentrations of the chelators.

The main siderophore produced by P. putida (i.e., pyoverdine (PVD)) is a well-known
siderophore, extensively characterised and studied. PVD is the main type of siderophore
produced by fluorescent Pseudomonas under iron-depletion [23]. It was discovered in 1892,
and since then, more than 50 different types of pyoverdines have been studied [37]. All
pyoverdines have three main structural parts: 1) a dihydroxyquinoline chromophore, 2) a side
chain involving a dicarboxylic acid or a dicarboxylic amide, and 3) a variable peptide chain of
six to twelve amino acids [37], [75] (Figure 2.1). P. putida and PVD were selected for the first

attempt of purifying siderophores due to the performance observed in previous experiments.

P. putida was able to produce considerable amounts of siderophores, in comparison to the other
microorganisms tested. With P. putida, we were able to increase the production arriving to
87.50 +£0.14 mg-L"! of PVD in solution, when using MMO9-S. The carbon source influences the
production yields of PVD. Succinic acid enhances the synthesis of PVD over other carbon
sources such as glucose. The PVD molecule has a succinate moiety and having this compound
in the culture medium is beneficial for the cell [76]. However, the presence of succinic acid and
other medium components gave problems with using directly the free-cell extracts in
downstream applications. The amounts of these compounds interfered with the analytical
methods. Therefore, the purification of PVD also helped to remove undesired compounds from

the extract.

Another advantage of working with Pseudomonas spp. is the easy detection of PVD. After
solid-phase purification, we obtained several eluates with absorbance properties. PVD was
detected in both water eluates and 50% methanol eluates. For 1 L of culture, the final solid

weight was 122.50+£11.45 mg and 32.25 +2.89 mg for all water eluates and all methanol eluates,
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respectively. The first fraction of the water eluates was discarded because we assumed still
contained medium components. The solid weight in the first fraction of water eluates was
always higher than in the other fractions of water eluates but the absorbance at 400 nm was in
the same range. We assumed some loss of PVD to gain purity. The final solid weight recovered,
taking into account all eluates, was 69.75 +£15.77 mg per 1 L of P. putida supernatant. The
recuperation yield calculated was 79.71%, based on the concentration of PVD in the extract
before purification (87.50 £0.14 mg-L!). Although we lost PVD during the purification, the
process allowed to eliminate most of the medium components and to recover considerable

amounts of PVD to be used in further experiments.

Moreover, we could characterize our PVD extract as a mix of pyoverdines. The two elution
products obtained (water eluates vs methanol eluates) showed different absorbance spectra
(Figure 2.7). While the mix of water fractions (elute H>O) showed a maximum peak at 403 nm,
all 50% methanol eluates (elute MeOH) presented a maximum peak at 380 nm with a shoulder
at 365 nm (Figure 2.7). Xiao and Kisaalita 1995, showed that absorbance in pyoverdines is
dependent of the pH. At lower pH (3 to 5), the spectra had double peaks around 365 and 384
nm. At higher pH (7 to 9), the spectra showed a single peak close to 407 nm. We did not check
the pH of our elutes before analysing. However, the spectrum registered before purification,
where the pH was 6.7, showed two peaks, one around 405 nm and one around 384 nm (Figure
2.7). This suggested that P. putida strain 90 could be producing two different types of
pyoverdines [25], [75], that were separated during the solid-phase purification.

Indeed, further NMR characterization of the two eluates showed differences between them in
the side chain region of the spectra (Figure S 2.3). Eluate H>O matched previous references for
succinimide dihydro-pyoverdine, while eluate MeOH presented a mix of pyoverdines with
succinic and succinimide moieties [77]. Deeper characterization would be needed to confirm
the specific phases found in the two eluates. However, when we compared the absorbance
spectrum of a commercial mix of pyoverdines (Sigma, United States) with our eluates (Figure
2.7); we found that the spectra of the commercial PVD matched eluate MeOH. The commercial
mix of pyoverdines mainly contains the succinic acid and succinimide forms of PVD, the same

found in eluate MeOH.
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Figure 2.7. Spectra UV-Vis of (a) cell-free supernatant obtained from a culture of P. putida after reaching
stationary phase; (b) two elutes (H20 and 50% MeOH fractions) obtained from the cell-free supernatant of P.
putida after solid-phase chromatography, compared to a commercial PVD (Sigma-Aldrich, United States).

Mineral dissolution in presence of siderophores

Iron oxides and oxyhydroxides can be found along with iron sulfides in WAW [43]. Usually,
more oxygen sensitive phases such as mackinawite are detected inside the wood, while iron(III)
oxidised phases are found at the surface [43]. Regardless, all iron species present a risk for the
long-term stability of wooden objects. Thus, the solubilisation of four representative iron
species: goethite, hematite, mackinawite and pyrite, was studied in presence of different iron
chelators. The purified mix of pyoverdines was compared to a commercial siderophore
(deferoxamine mesylate (DFOM), Desferal®), and to the typically used chemical chelator,
EDTA [46]. Additionally, four different buffers were tested with the different chelators.

The pH of the solution was maintained with the different buffers. Even if the buffers interacted
with iron ions, the pH was stable at the adjusted pH. For HEPES and Tris-HCI buffers the pH
was 7 £0.3, and for citrate and acetate buffers the pH was 5.6 £0.5. When no buffer was included
(using Milli-Q® water only), the pH of the solution varied. In general, DFOM and PVD
solutions turned from pH ~5-6 towards neutrality (DFOM: pH 7-7.7; PVD: pH 6.3-7.2). EDTA
solutions presented alkaline pH (pH 8.8-9.3) at the end of the experiment time. In all families
of siderophores, the formation of the complexes is clearly pH dependent. In nature, iron
competes with protons (H") for the free siderophores, and the iron-siderophore complex will be

more stable at neutral to alkaline pH [78]. On the contrary, the solubility of iron oxides increases
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at more acidic pH values [47]. Here, the two selected working pHs, one in the neutrality (pH
7), and one more acidic (pH 5.6) are a compromise between the wood matrix, where very
alkaline or very acidic pH can be harmful for wood components [79], and stability of

siderophores and iron solid phases.

Moreover, two different buffers were selected for each pH. At pH 7, HEPES buffer was selected
for not having any expected interference with iron chelation [80]. On the other hand, Tris-HCl
buffer interferes with metals [80], and may have a synergic effect with the chelators under
study. However, we did not observe any improvement in the dissolution of the four solid phases
when using Tris-HCI buffer (Figure 2.8). In fact, for both siderophores and all solid phases,
there were no significant differences between these two buffers (DFOM pH 7 HEPES vs DFOM
pH 7 Tris-HCI: with hematite p-value = 0.5803, with goethite p-value = 0.2601, with pyrite p-
value = 0.876, with mackinawite p-value = 0.2516; PVD pH 7 HEPES vs PVD pH 7 Tris-HCI:
with hematite p-value = 0.9512, with goethite p-value = 0.962, with pyrite p-value = 0.01057,
with mackinawite p-value = 0.3851). Differences were only detected with EDTA as chelator in
these buffers. The dissolution of goethite, hematite and pyrite was significantly higher with
HEPES buffer, while the dissolution of mackinawite was not significantly different between
pH 7 buffers (EDTA pH 7 HEPES vs EDTA pH 7 Tris-HCI: with hematite p-value = 0.0002231,
with goethite p-value = 2.69¢-05, with pyrite p-value = 0.001228, with mackinawite p-value =
0.1275) (Figure 2.8).

At pH 5.6, both buffers selected are expected to interact with iron ions. However, we observed
significant differences between citrate and acetate buffers for almost all minerals with all
chelators (DFOM pH 5.6 citrate vs DFOM pH 5.6 acetate: with hematite p-value = 0.001868,
with goethite p-value = 0.003242, with pyrite p-value = 5.078e-06, with mackinawite p-value
=0.0004247; PVD pH 5.6 citrate vs PVD pH 5.6 citrate: with hematite p-value = 0.0001484,
with goethite p-value = 0.0002434, with pyrite p-value = 0.6027,withmackinawite p-value =
9.035e-05; EDTA pH 5.6 citrate vs EDTA pH 5.6 citrate: with hematite p-value = 3.112e-07,
with goethite p-value = 1.686¢e-06, with pyrite p-value = 0.8582, with mackinawite p-value =
0.007234) (Figure 2.8). In general, for all solid phases, the presence of citrate in the solution
enhanced the dissolution (Figure 2.8). Indeed, controls without chelator but with citrate buffer,
presented amounts of dissolved iron in solution, in some cases, equal or higher than when a
chelator was also present (Figure 2.8). On the contrary, the solids amounts were quite stable in
the other three buffers tested and without a buffer. Only pyrite and mackinawite seemed more

solubilised without a buffer being used (Figure 2.8).
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Figure 2.8. Total dissolved Fe (uM) following addition of (1 g-L™*) goethite, hematite, mackinawite, and pyrite
solutions, with bacterial siderophores (purified PVDs and DFOM) and chemical chelators (EDTA), in four
different buffer conditions or without a buffer. Three independent replicates were conducted.
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DFOM benefited from the synergic effect of citrate buffer. The amounts of iron detected in
solution were higher using citrate buffer than with the other buffers with all minerals (Figure
8). This was also the case for the purified PVD, except with pyrite where all conditions had the
same effect in the dissolution (Figure 2.8). Overall, EDTA effect was also improved with citrate
buffer in respect to acetate buffer, however, in this case HEPES buffer was still giving better

results, with the exception of mackinawite (Figure 2.8).

Actually, mackinawite was the less stable mineral in presence of citrate buffer, detecting iron
concentrations up to ~6 mM in the solution (Figure 2.8). The values obtained with citrate buffer
were between 10 to 60 times higher than with the other buffer conditions. Mackinawite
solubility depends on pH in acidic conditions (pH<6). Mackinawite is highly soluble in acidic
conditions, and citric acid has been used to help remove problematic mackinawite from flow

lines in the oil and gas industry. Citric acid prevents the formation of insoluble iron salts [81].

Above pH 6, however, mackinawite solubility is not well understood and it is assumed to be
independent from pH [82], [83]. This could explain solubility differences between acidic pH
buffers and HEPES and Tris-HCI buffers, where iron solubility may be highly related to the
presence of iron chelators, but not the pH. However, citrate buffer conditions still have much
bigger effect than acetate buffer conditions, even both being in the acidic region. This could be
explained due to differences in pKabetween these buffers. Acetate pKa is 4.76, while citrate has
three pK, values. 3.13, 4.76 and 6.40. Citric acid has been studied for a greater chelating capacity
over acetic acid, in stainless steel [84]. Hematite dissolution was also enhanced by citrate buffer
in almost all cases (Figure 2.8). However, hematite was a much more stable phase (Figure 2.8).
Iron concentrations in solution were not higher than 15 uM. Similar results have been observed
previously, where the dissolution of goethite and other minerals was higher than hematite, in
presence of Pseudomonas extracts [75]. Indeed, the solubility constant of hematite (Ks =-0.53)
is lower than the one of goethite (Ks = 0.36) [47]. The higher stability of hematite also explains
why more siderophores were produced by the bacteria (P. putida and E. coli) in presence of this
mineral, in the previous section (Figure 2.2 and 2.3). Also, iron released from hematite in
presence of PVD correlates with the observed above. 200 uM PVD extracted amounts of iron

under the detection limit of the Ferrozine assay, but sufficient for bacterial development [58].

Goethite and pyrite presented similar results in terms of iron concentrations detected in solution.
For both minerals maximum concentration value was ~100 uM (Figure 2.8). All chelators used
form 1:1 complex with iron. Here, the highest iron detection was around half the value of

concentration of the chelator (200 uM). Previous studies have shown similar relation of
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dissolved iron/concentration of chelator, when studying the dissolution of goethite in presence

of deferoxamine B [49].

Conclusion

Siderophore-producing bacteria are an interesting group of microorganisms with high potential
for different applications. They are currently used to extract minerals from different ores thanks
to the production of siderophores. Here, we showed how siderophores are involved in the
dissolution of different iron-bearing minerals. However, depending on the mineral phase
siderophores may not be needed. For instance, when the bacteria were incubated with pyrite
and mackinawite, the bacteria were able to grow without the metabolic need of producing
siderophores. Moreover, some bacteria, such as S. pilosus, may present other mechanisms to
trap iron that does not need the production of siderophores. Therefore, it is important to do basic
studies to figure out the best candidates for future applications. Depending on the final goal,
i.e., recovery of a specific element, dissolutions of the mineral, etc., we should select one or

another microorganism.

For instance, if the aim is the dissolution of iron-bearing minerals, the direct use of siderophores
could be a good alternative. The siderophores tested here, DFOM and PVD, showed overall
similar extraction rates to the reference iron chelator EDTA. The recovery of iron from goethite,
hematite, mackinawite, and pyrite was enhanced by the presence of siderophores. Moreover,
the addition of other chelating agents such as organic acids presented a synergic effect in most
of the cases increasing the dissolution rate. Therefore, it has been proven that siderophores can

be applied to the extraction of iron from problematic iron minerals found in WAW.
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Supplementary material 2.2

Figure S 2.2. (a) Standard curve for calculating iron(Il) concentrations via Ferrozine assay prepared with known
amounts of iron(Il). (b) Standard curve for calculating total iron concentrations via Ferrozine assay prepared
with known amounts of iron(Ill) mixed with hydroxylamine-HCI.
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Table S 2.5. Total Fe concentrations calculated with Ferrozine assay at the end of the incubation time of the
different bacteria with the minerals under study. In the experimental conditions, the levels of iron were under the

detection limits in the solutions with goethite and hematite (-).

Goethite Hematite Mackinawite Pyrite
Total Fe (uM) Total Fe (uM) Total Fe (uM) Total Fe (uM)
Control - - 35.04 £6.67 15.88 £1.58
Escherichia - - 35.31 48.54 19.21 45.88
coli
Pseudomonas - - 40.68 +5.87 14.58 +4.65
putida
Streptomyces ; ; 27.8245.10 7.55+5.49
pilosus
Serratia
o - - 31.98 £9.63 15.51 £12.23
ureilytica

Values of registered absorbance and calculated concentrations +standard deviation of three replicates
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Figure S 2.3. Comparative analysis of 400 MHz 1H NMR spectra of the two eluates obtained from PVD
purification. An amplification of the side chain region is included as differences were not observed in the other
regions of the spectra.
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2.3 Extraction of iron from model wood samples

Abstract

Iron species can be an issue in the long-term conservation of waterlogged archaeological wood.
Current conservation procedures use strong iron chelators to extract the problematic iron from
the wood. Here, we proposed to use siderophore-producing bacteria and their siderophores to
solubilise iron-bearing minerals. Model wood samples were prepared by artificial
contamination with iron and sulfur species. The direct use of siderophore-producing bacteria
registered some effects in the model samples. However, iron extraction was very limited, and
we assume that no siderophore production occur. The bacteria probably had enough available
iron in solution and did not need the secretion of siderophores. On the other hand, the extraction
of iron from the model samples using siderophores had remarkable results. Even though our
purified siderophore (PVD) did not give the expected results, we still found promising the use
of the commercial siderophore. The use of DFOM was comparable to EDTA in terms of iron

extraction, and DFOM was more compatible with the wood substrate.

Introduction

In cultural heritage conservation iron ions are considered highly harmful. Paper artefacts, for
example, are in danger due to the presence of iron corrosion products. In paper, iron
contaminants are introduced during the manufacture, from airborne dust, due to supporting
materials in contact with the paper object, or with the presence of certain inks (i.e., iron gall
ink) [85], [86]. The removal of iron corrosion products is considered essential for the
preservation of valuable objects. Different strategies have been proposed for the removal of
iron from paper. Ferric iron can be complexed with chemical chelating agents such as EDTA,
removed by acid solubilization, or reduced to the more soluble Fe?* ions by, for example,

sodium dithionite.

Iron-related problems have been widely investigated also in wooden heritage artefacts [87]—
[89], as presented in the introduction chapter. Iron-contaminated wood is common since
wooden objects are frequently associated with iron parts (e.g., nails, etc.) employed as fixation
materials. Iron in waterlogged wood can be present in both oxidation states, Fe?" and Fe**. The
most frequent types of iron compounds in waterlogged wood are various iron(IIl) hydroxides
and oxides (e.g., goethite and lepidocrocite) along with iron(II) salts and iron in reduced sulfur
compounds such as pyrite and pyrrhotite. The presence of iron compounds is a problem in

preservation of waterlogged archaeological wood and induces three main threats. First, salts
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precipitation as consequence of oxidation of iron sulfides can lead to mechanical damage [90].
This oxidation may generate acids, which can lead to hydrolysis of polysaccharides and thus
degradation of wood. Finally, the participation of iron in Fenton-type reactions. Therefore, it is
essential to extract the problematic iron compounds before any further treatment being applied

to the wood.

In the same manner than paper artefacts, wooden objects are an important part of the human
historical patrimony. In consequence, extraction treatments have been proposed to remove iron
from wood matrix (refer to chapter 1). Mainly, strong iron chelators have been used. New trends
are opting for less toxic and greener methods in the field of conservation. Siderophores could
be stablished as bio-based solution for the chelation of iron in iron-contaminated organic
materials. Already a few studies have mentioned them as possible solution for iron
contamination in paper and wooden artefacts [91]-[93]. Rapti et al. (2017) compared the
efficacy of DFOM, EDTA, and DTPA, being DFOM the more effective in removing iron

corrosion products from wooden cubes artificially stained.

At this stage of the research, the aim was to investigate the possible application of the selected
bacteria directly to model wood samples contaminated with iron species, mostly iron sulfides.
Furthermore, the efficiency to extract iron from model wood samples contaminated with iron
species of our bacterial extract of PVD was compared to the commercial siderophore Desferal®
and EDTA. The safety of applying siderophores to wooden objects was evaluated here always

in comparison to the chemical chelator EDTA.

Materials and Methods

Model wood samples

Balsa (Ochroma pyramidale) wood cubes with the following dimensions: 1x1x1 ¢m?, were
prepared to reproduce the characteristics of waterlogged wood. The samples were impregnated
with iron and sulfur solutions by immersing them in 1 L iron(II) chloride tetrahydrate (0.5 M
FeCly4 H>0) solution under vacuum (-600 mbars) for 4 h. The samples were dried overnight
at 45 °C. Afterwards, the samples were immersed in a solution of hydrated sodium sulfide (0.5
M Na;S-nH>0) under vacuum (-600 mbars) for also 4 h. Samples were kept immersed in N»-
flushed water. Before any experimental procedure, cubes samples were washed by ultrasonic
bath until no more impregnation solution was released and conductivity values closed to

deionized water.
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Extraction of iron from wood using siderophore producing bacteria

Serratia ureilytica (strain Lr5/4), Escherichia coli (strain K12), Pseudomonas putida (strain
90), and Streptomyces pilosus (strain ETH 11686) were pre-cultured in MM9 medium three
times before inoculation of the experiment to assure no iron presence. After, 60 mL of MM9
were inoculated from the last pre-culture to a final volume of 1% (v/v). One model wood cube
was included per bottle. Cultures where incubated at 28 °C (+2 °C) and 120 rpm. Controls
without any bacteria were conducted. Three independent replicates of controls and samples
were carried out. Samples were taken over time from the cultures to measure: 1) the growth of
the bacteria by increase in the Optical Density (OD) at 600 nm, or in mass, in the case of S.
pilosus, 2) the siderophore production, and 3) the levels of iron, sulfates, and other anions in

solution.

CAS (Chrome Azurol Sulfonate) assay [1], was used for general determination of the
concentration of siderophores in the extract of the bacteria. We followed the procedure of
Alexander and Zuberer (1991) (see section 2.1). Pyoverdine (PVD) production was registered
following the absorbance at 400 nm (g400 nm 1.85-10* mol-L-!-cm™ [23]). Absorbance values
were registered with a 96-well microplate reader (Asys UVM 340 Microplate Reader,
Biochrom Ltd, United Kingdom).

Extraction of iron from wood using purified siderophores

Wood cubes artificially contaminated were treated with the previously purified PVDs (section
2.2), the commercial siderophore, DFOM (purchased as Desferal®, Novartis, Switzerland), and
the chemical chelator, EDTA. The final concentration of the chelating agent was 10 mM. The
extraction was conducted in HEPES buffer (pH 7) and citrate buffer (pH 5.6), and in no buffered
solution. All solutions were prepared with Milli-Q® water. Wood samples were extracted at
room temperature under orbital agitation (100 rpm) for 15 days. Light was avoided using

aluminium foil. Samples were taken over time for further analysis.

Analytical methods

Colorimetric measurements

A Minolta CM-508D spectrophotometer was used for the colour measurements, with the
following parameters: Specular Component Included (SCI), Illuminant D65 (daylight
containing UV component, colour T 6504K), d/8° geometry, 10° observer, measurement area
diameter 10 mm, illumination with Xe flashlight source 100% UV containing all UV

components or 0% UV containing no UV components, CIELab 1976 colour space. On each
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wood sample, a measurement was carried out on the centre of three faces (i.e., three
measurements per cube). Measurements were carried out on fresh, artificially contaminated,

treated and control wood samples.

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

Total iron and sulfur concentrations were determined in the solutions of the different extraction
experiments using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES).
Samples were filter, diluted and then analysed with an Optima 2100 DV (Perkin-Elmer, United
States) optical emission spectrometer. Specific parameters applied are described in the previous

section.

lon chromatography (IC)

Sulfates (SO42"), phosphates (PO4*") and other anions concentrations were measured by ion
chromatography (Dionex ICS-1600). The instrument was equipped with a conductivity
detector, a Dionex Ion Pac™ AS14A (4 x 250 mm) anion exchange column, and a Dionex Ion
PacTM RFIC™ (4 x 50 mm) guard column. A solution of 8 mM Na,COj3; and 1 mM NaHCO3
was used at a flow rate of 1.3 mL-min! as mobile phase. The detection limit was 0.05 mg-L™!.
Before analysis samples were filtered with 0.22 pm PVDF filters (BGB Analytik, Switzerland)
and then correctly diluted. Data was analysed with the Chromeleon™ software (Thermo Fisher

Scientific, United States).

pH measurements

A 691 pH Meter Metrohm (Metrohm AG, Switzerland) was used to control the pH of the
solution over time with an ionic electrode (unitrode 6.0259.100) calibrated between pH 4 and
pH 7 or pH 7 and pH 9 buffer solutions. The pH of the cubes was measured with a surface
electrode (flat membrane electrode 6.0256.100), also correctly calibrated, at the beginning and

end of the experiment.

Raman spectroscopy

A Jobin Yvon Horiba™ spectrophotometer coupled with Olympus BX41 microscope (Horiba
Ltd., Japan) was used for measurements. Spectra were recorded at a wavelength of 632 nm,
hole of 800 um, slit of 200 pm, 100-1200 cm! range, filter 25%, 50xLWD objective and 5 sec
of acquisition with 10 accumulations. The spectra were processed with LabSpec® 5 software
(automatic baseline correction). Reference spectra from spectra libraries and literature were
used to identify the compounds formed. Measurements were carried out on the surface of

impregnated, treated and control wood samples.
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Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS) analyses

Wood samples treated with siderophore producing bacteria were rinsed after the incubation
time, and small slices were obtained using a razor blade. Wood segments were fixed at RT with
3% (v/v) glutaraldehyde solution in 0.1 M sodium cacodylate (pH 7.2) for 3h, washed twice
and then dehydration steps were performed using different concentrations of ethanol (25%,
50%, 75%, 90%, 100% (v/v)) and then pure acetone. Finally, samples were dried in a CO>

atmosphere.

Samples were mounted on stubs using carbon conductive tape. Samples were examined under
low vacuum without coating using a Thermo Scientific™ Scios™ 2 DualBeam™ (Thermo
Fisher Scientific, United States) equipped with an energy-dispersive X-ray analyser (EDAX,
United States). Afterwards, the same samples were coated with a layer of gold using a Leica
EM SCDO050 (60 mA current, 5 cm, 5 s duration, argon gas), and examined again at high
vacuum using the same instrument. The samples were observed using an EDT detector

(secondary electron acquisition), an acceleration potential of 10 kV and 7 mm working distance.

Interaction of siderophores with analogues of wood

Degradation of p-nitrophenyl--D-glucopyranoside

The degradation of p-nitrophenyl-f-D-glucopyranoside (pNPG) was determined by monitoring
the release of p-nitrophenol (pNP). pNPG has been widely used to study S-glucosidases and
degradation of cellulose [94]. If pNPG breaks down, pNP is released and this molecule can be

easily monitored in the supernatant with an absorbance occurring at 410 nm.

Following a previously described method [24], the reaction mixture consisted of 1.6 mL of
pNPG 0,1% (w/v) (Sigma-Aldrich, Switzerland) in sodium acetate buffer 50 mM pH 5, 200 puL
of 2 mM iron chelator, 100 pL of 40 mM H>O; and 100 pL of 4 mM FeCl;-6H2O (freshly
prepared). The mixtures were incubated in a water bath (50 °C) for 56 h, samples were taken at
0, 1, 3, 5, 7, 24, 30, 48, and 56 h. Samples were immediately mixed with 10% sodium
bicarbonate in a 2:3 ratio and absorbance measured. Basic pH slows the enzymatic reaction and
enhances the colour of the pNP released during the reaction. Samples included Fe**/H,0; to
evaluate if the iron chelators participate in the production of reactive oxygen species (ROS) by

Fenton reaction, and if these species are the responsible for the breakdown of pNPG.

Several controls were set up: 1) containing no iron chelators but only H>O, and Fe*, 2)

containing siderophores but not H>O, and Fe*" and 3) only the substrate, pNPG, in sodium
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acetate buffer. All samples were run in triplicates. Absorbance was measured with a UV-Vis

spectrophotometer (Lambda 25 Perkin Elmer, United States).

Degradation of Remazol Brilliant Blue R (RBBR)

RBBR is a dye used as an indicator of ligninolytic activity. The degradation of RBBR was
studied following the ratio between the maximum absorbance of the dye at 590, with a reference
absorbance value at 500 nm (Abs 590/Abs 500). The reaction mixture consisted of 1.6 mL of
RBBR 0,01% (w/v) (Sigma-Aldrich, Switzerland) in sodium acetate buffer 50 mM pH 5, 200
pL of 2 mM iron chelators, 100 pL of 40 mM H>O; and 100 pL of 4 mM FeCl3-6H>O (freshly
prepared). The mixtures were incubated in a water bath (50 °C) for 48 h, samples were taken at
1, 3, 5, 7, 24 and 48 h and measured. As above, Fe**/H,O, were included to evaluate the
production of ROS. Same controls as before were carried out. All samples were run in
triplicates. Absorbance was measured with a UV-Vis spectrophotometer (Lambda 25 Perkin

Elmer, United States).

Statistical analyses

One-way ANOVA was used to calculate the significance of the data in the extraction of iron
from artificially contaminated wood for each chelator employed (2 replicates, n = 2). Student’s
t-test was used to calculate significant differences in the RBBR degradation analysis. Both
analytical tests were conducted in Microsoft® Excel (Version 16.43). The statistical significance

threshold was set to 1%.

Results and Discussion

Extraction of iron using siderophore-producing bacteria

Many examples show the feasibility of using living microbes for the conservation of cultural
heritage (see Chapter 1.5). Here, the first approach to extract iron from contaminated
waterlogged wood was the direct use of four selected bacterial strains (E. coli, P. putida, S.
pilosus and S. ureilytica). As seen previously, these bacteria showed the capacity to produce
siderophores that helped the dissolution of iron mineral phases and, therefore, were further

tested in model samples of waterlogged archaeological wood (WAW).
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Figure 2.9. Visual appearance of the wood cubes after incubation with siderophore-producing bacteria. Balsa
wood was artificially impregnated with iron sulfides, and then treated with E. coli, P. putida, S. pilosus and, S.
ureilytica. Control M refers to the cube incubated in MM9 medium without bacteria.

Figure 2.10. Colorimetry plot representing colour coordinates: L* (lightness/bright-dark), a* (red/green
opponent colours) and b* (yellow/blue opponent colours). Colour measurements were taken on the wood surface
of all samples after the incubation time. Wood cubes were treated with E. coli, P. putida, S. pilosus and, S.
ureilytica. Control M refers to the cube incubated in MM9 medium without bacteria. Fresh balsa (Balsa Ref.) and
balsa impregnated with iron sulfides (Balsa FeS) are included as reference.
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Balsa wood was selected to prepare artificially contaminated waterlogged wood as it presents
a similar porosity to WAW. Moreover, its light colour facilitates monitoring the colour variation
of the samples during the contamination protocol [95]. The goal of the artificial contamination
is to obtain iron sulfides (i.e., greigite, mackinawite and pyrite) within the wood, and also
decrease the holocellulose content to achieve similar characteristics to WAW. The preparation
of similar model samples has been reported in previous studies for the assessment of extraction

methods [46], [88].

The four bacterial strains were able to grow in presence of the model wood (Figure S 2.4), in
growth medium MM9 (Table S 2.3). However, the exact growth of S. pilosus was impossible
to follow. This bacterium grew attached to the surface of the wood, and sampling to measure

the increase of mass over time was not feasible.

E. coli and S. ureilytica presented a fast growth arriving to stationary phase after 13-17 h. P.
putida took over 30 h to arrive to stationary phase (Figure S 2.4). Growth was faster than
observed previously with minerals, but differences could be due to a more active inoculum.
Like in the previous experiment with pure mineral phases, the pH of the solution was adjusted
at 6.8 to favour bacterial development and siderophore production. However, in presence of the
artificially contaminated wood, no siderophores production was registered for any of the
bacteria using CAS assay. The absorbance at 630 nm did not decrease over time. The presence
of iron in solution could explain the lack of siderophores production. Iron in solution can be
present as residual from the artificial contamination solution, or as partial dissolution of the
minerals formed. Indeed, total iron levels measured with ICP-OES at the end of the experiment

revealed some iron in solution (see below).

However, even though there was no detectable production of siderophores, the bacteria had a
clear visual impact on the wood cubes (Figure 2.9). After the impregnation protocol, model
wood samples presented a dark hue (Figure 2.9). Colorimetric analyses plotted the model wood
samples near the 0.0.0 (L* a* b*) coordinates (Figure 2.10). Iron and sulfur species are
responsible for the dark colour of WAW [70]. The extraction or transformation of these species
may translate into a change in colour. For instance, after rinsing and removing the biomass,
cubes extracted with S. pilosus presented a grey-yellowish hue (Figure 2.9). The appearance of
S. pilosus-treated cubes to the wood in the control without bacteria (control M), as confirmed
on the colorimetric plot (Figure 2.10). Therefore, we assume that the colour changes in these
cases were most likely due to abiotic reactions, not to the effect of microorganisms (S. pilosus).

On the contrary, E. coli treatment made the cubes turn towards a reddish tonality (Figures 2.9
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and 2.10). An oxidation of iron sulfides forming iron oxides could have been the cause for this
colour change [46]. Finally, treatment with P. putida or S. ureilytica kept unchanged the black
colour of the artificially impregnated wood samples (Figure 2.9 and 2.10). Only, P. putida

presented some greyish areas, especially at the edges of the cubes (Figure 2.9).

Colour changes may be a result of the transformations of the mineral phases occurring in the
model wood. Raman spectroscopy allowed us to determine some of the phases formed.
Mackinawite (FeS) and greigite (Fe3Ss4) were identified in artificially contaminated samples
after the impregnation protocol (Figure S 2.5). The Raman shifts at 255 and 290 cm™ are
attributed to partially-oxidized mackinawite [96]. Furthermore, the presence of greigite, with
corresponding vibrational bands at 354 and 363 cm’!, can be a confirmation of the partial
oxidation of mackinawite, as it is a product of this reaction [97]. In addition to iron sulfides,
elemental sulfur (0-Sg) was also identified with vibrational bands at 150, 219 and 473 cm™! [43]
(Figure S 2.5).

Mostly elemental sulfur was detected by Raman spectroscopy in all wood samples after
incubation with the different bacteria (Figures 2.11, 2.12, 2.13,2.14 and 2.15 and Table S 2.6).
However, the relative intense Raman shifts observed for elemental sulfur made difficult the
correct identification of other phases. For instance, hematite (FeoO3) and lepidocrocite
characteristic bands appear at 225 and 250 cm™! [98], respectively, that could be covered by
those of elemental sulfur in the same region (220 and 248 ¢cm™') [43].Other phases occurrence

could also be underestimated due to the strong intensity of elemental sulfur.

In fact, complementary SEM-EDS analyses revealed that not only sulfur was present on the
wood surface after incubation with the different bacteria. On the S. pilosus-treated samples, for
example, analyses of surface areas showed precipitates that were mainly composed by iron and
phosphorous (Figure 2.12). Iron phosphates are yellowish precipitates, what could explain the
colour change these cubes (Figure 2.9). Some studies have shown that in presence of
phosphates, iron and sulfur species are highly reactive [82]. Iron(III) phosphates are able to
react with sulfides (S?") leading to elemental sulfur and iron(II) phosphates [99]. These
transformations would explain the co-detection of elemental sulfur (by Raman spectroscopy),

iron and phosphorous (by EDS).

Similar results were observed with the control samples (control M). The cubes had an identical
appearance to S. pilosus cubes (Figure 2.9). SEM-EDS revealed phosphorous and iron on cross-

sections (Figure 2.11 and S 2.5), along with elemental sulfur detected by Raman analysis.
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Figure 2.11. (a) Secondary electron micrograph of a cross-section of the control wood sample. (b) EDS spectrum

of a whole cross-section area. (c) Raman spectrum obtained from the surface of the control wood sample.
Characteristic Raman shifts of elemental sulfur (a-Ss) are tagged.

Figure 2 12. (a) Secondary electron micrograph of precipitates found on the surface of wood samples treated with
S. pilosus. (b) EDS spectrum of the solid phase. (c) Raman spectrum obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (a-Ss) are tagged.
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Figure 2.13. (a) Secondary electron micrograph obtained from a tangential section of E. coli wood samples. (b)
EDS spectrum of a superficial tangential cut. (¢c) Raman spectrum obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (a-Ss) are tagged.

Figure 2.14. (a) Secondary electron micrograph of precipitates found on the wood samples treated with P. putida.
(b) EDS spectrum of the precipitates. (c) Raman spectra obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (a-Ss) and mackinawite (M) are tagged.
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Other less registered bands also occur in Raman analyses. On the samples treated with E. coli,
a small peak at ~381 cm! was registered (Figure 2.13). This band could be attributed to goethite
(a-FeOOH) [98], or pyrite [43], or to cellulose [100]. In fact, this peak has been currently
detected in our Raman analyses, therefore we assumed that must correspond to wood
components as it was detected in all types of samples. Still, the strongest goethite band occurs
at 385 cm™' [101]. Other shifts could be covered by sulfur bands or, the relative intensity could
be underestimated due to the strong intensity of elemental sulfur. In this case, considering the
red coloration that E. coli-treated cubes acquired (Figure 2.9), the peak could be assigned to
goethite. Indeed, complementary SEM-EDS analyses on E. coli wood cubes showed that on
surface, where the colour of the cube had a red tonality, iron was the most abundant element
after oxygen and carbon (Figure 2.13). Moreover, Raman spectroscopy did not detect the
presence of iron sulfides on the surface of the cubes after incubation with this bacterium. An
oxidation of iron sulfides on surface is likely to have occurred here (Figure 2.13). On the
contrary, inner cuts of the E. coli-treated wood exposed a black interior. ESD analysis of this

area showed mostly sulfur (Figure S 2.6).

After incubation, just some bands at 284 and 308 ¢cm™, related to iron sulfides (mackinawite)
[96], were detected in P. putida and S. ureilytica wood samples, respectively (Figure 2.14 and
2.15). The persistence of these species on the wood surface of these cubes could explain why
these woods kept the dark hue (Figure 2.9). Moreover, elemental sulfur intensities registered
with Raman in P. putida- and S. ureilytica-treated wood were much lower than in the other
woods. The elemental sulfur here must remain from the artificial contamination protocol, while
in the other cubes, new precipitation of elemental sulfur could have happened, as discussed

above.

Indeed, SEM-EDS analyses on the surface of the wood cubes extracted with P. putida showed
some mineral formation mainly composed of iron and sulfur, that correlates with the
mackinawite detected by Raman spectroscopy (Figure 2.14). Sodium also detected can come
from the artificial impregnation solution. In the same SEM micrograph, we can observe some
bacteria cells, proving the capability of the bacteria to grow within the wood (Figure 2.14).
Wood cubes extracted with P. putida only presented slight changes with respect to before
treatment at some edges. Analyses in that region also showed some phosphorous amounts

(Figure S 2.7).
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Figure 2.15. (a) Secondary electron micrograph of precipitates found on the wood samples treated with S.
ureilytica. (b) EDS spectrum of the solid phase. (c) Raman microscopy image of a crystal-like found on the surface
of the wood cubes treated with S. ureilytica. (d) Raman spectra obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (a-Ss) and mackinawite (M) are tagged.

Wood samples treated with S. wreilytica remained exactly as before treatment. The only
difference was the emergence of small crystal-like aggregates over the surface (Figure 2.15).
SEM-EDS analyses also detected the formation of aggregates, with chemical composition of
sulfur, iron and sodium (Figure 2.15). However, Raman characterisation of these compounds
was difficult as, even using a filter to decrease the laser energy impulse, these aggregates were
decomposing during analysis. Iron sulfides, such as mackinawite, pyrite, or greigite have been
detected previously with Raman spectroscopy [42], [43]. Here, we still detected mackinawite
(Figure 2.15). Then, it is possible that these compounds are other sulfur and iron phases that
cannot be detected under the experimental conditions applied. For example, NaFeS: could have
been formed [102], as the artificial contamination of the samples is done using a solution of
NazS'-nH>0 and sodium was detected by EDS. Further characterization with X-ray diffraction
(XRD) is needed for identification [103].

Previous studies have suggested the dual role of microorganisms in corrosion [104]. As
commented in the introduction chapter, microbes drive the elemental cycles on Earth, and are
involved in many different pathways. In fact, Pseudomonas and Serratia species have

previously shown prevention of microbiologically influenced corrosion (MIC). Their
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metabolisms prevented other microorganisms from corroding steel [105]. In a similar way,
these bacteria could have prevented here the oxidation of iron sulfides, keeping the original
appearance of the artificial contaminated wood, especially S. ureilytica-treated cubes (Figure

2.9).

The different bacteria had clear diverse effects on the treated wood. Analyses of the solutions
helped to better understand what occurred. For example, phosphates are present in MM9
medium with an initial concentration of 210 mg-L-!. IC analyses revealed that at the end of the
incubation time, no phosphates remained in the solutions of the control M and S. pilosus (Table
2.2). This could corroborate the hypothesis that the changes in these cubes are due to the
formation of iron phosphates. Phosphates also decreased from the original concentration in the
other bacterial solutions (Table 2.2). Indeed, some phosphorous was still detected in E. coli and
P. putida samples (Figures 2.13 and S 2.7). Moreover, these bacteria are known to accumulate
polyphosphates, also explaining the drop in phosphates in the solutions [106], [107]. S.
ureilytica solutions also registered a decrease in phosphates over time. At the end of the
experimental time, half the amount of phosphates was measured in the solutions in respect to
the original concentration of 200 mg-L!. As no phosphates were detected within the wood by

EDS, this bacterium must have also used phosphates for growth and/or reserve.

Sulfates were detected by IC at the end of the incubation time. This could mean oxidation of
sulfur species present in the wood by the bacteria. However, the amounts of sulfates were
similar between all bacteria solutions and the control M (Table 2.2), indicating abiotic
oxidation. Finally, total iron levels were also measured in solution using ICP-OES. No iron was
detected in the solutions of the control M, while iron was measured in the solutions with the
bacteria (Table 2.2). Siderophore production was not detected with CAS assay for any bacteria.
In these conditions, other iron acquisition systems may have participated. There are systems
that operate under iron sufficiency (>10 uM) [31]. Moreover, oxidation of iron sulfides to iron
oxides in E. coli-treated cubes could explain why E. coli solutions presented the highest
amounts of iron in solutions [108] (Table 2.2). Still, iron levels registered here were much lower

than the extracted levels by isolated iron chelators in the next section.

The use of some of the bacteria, like P. putida or S. ureilytica, or phosphates in the medium
composition, as seen in the control M and S. pilosus, could be beneficial as we have seen that
the phases formed were less subjected to abiotic oxidation. S. ureilytica-treated wood samples
kept the original dark appearance for over months, while untreated samples oxidise quickly in

water. Therefore, some of the bacterial treatments may allow a stabilisation of the compounds
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present. Current WAW treatments already target stabilisation of iron sulfides and wood parts,
preventing the formation of harmful acids with extraction methods and/or neutralisation
processes [109]. In the long-term perspective it would be better to extract the harmful iron and
sulfur species as much as possible [70]. However, when extraction is difficult and time-

consuming, parallel stabilization can have interesting outcomes.

Table 2.2. Total iron, sulfates and phosphates detected in solution at the end of the extraction time. Total iron was
measured using ICP-OES, while anions were measured with IC.

Bacteria Total iron (mg-L™") Sulfates (mg-L™") Phosphates (mg-L™")
Control M 0.00 +£0.00 2979.17 £31.11 0.00 +£0.00
Escherichia coli 23.47+£2.26 2989.03 +15.98 70.18 £14.99
Pseudomonas putida 2.63 +0.85 2998.26 £21.25 34,71 £7.88
Streptomyces pilosus 1.28 £0.36 3021.59 +40.55 0.00 +0.00
Serratia ureilytica 1.51£0.67 2993.59 £12.43 101.07 £13.71

Extraction of iron from wood using purified siderophores

The direct use of siderophore-producing bacteria to extract iron from model wood samples did
not succeed in removing the iron species formed during artificial impregnation. Although, some
protective effects were observed, iron extraction rates were very low. In this section, we applied
directly some bacterial siderophores to extract higher quantities of iron from the model balsa

wood.

Following the results from section 2.2, we decided to work with three different buffer
conditions. The model wood samples were extracted with DFOM, PVD and EDTA as chelating
agents, in HEPES and citrate buffers, independently, as well as without any buffer. HEPES
buffer is not expected to interfere with iron chelation [110], while citric acid has proven before
to increase the dissolution effect of different siderophores [6], [111]. Citric acid is indeed used

by some microorganisms as chelating agent [112].

In general, any treatment should intend minimum intervention. The original appearance should

be respected as much as possible [113]. Two criteria have been previously followed: colour and
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wood shrinkage [46]. Shrinkage evaluates the physical impact of the treatment on the wood.
However, samples were not dried after treatment to properly follow shrinkage variations [46].
Visual observations were made at this point. Considering colour, the artificial contamination
resulted in an homogenous black coloration (Figure 2.16), that resembled WAW dark hue [70],
[89]. Iron extraction, however, would tend to recover the clear colour of the reference wood

[46]. As far as possible, the extraction of iron should be high and respect the dark hue of WAW.

Figure 2.16. Visual appearance of the wood cubes after 15 days extraction with 10 mM of different iron chelators.
Balsa wood was artificially impregnated with iron sulfides, and then treated with DFOM, PVD, and EDTA, in

three different conditions: pH 7, pH 5.6 or not buffered solution. Control refers to the cubes incubated without
any iron chelator.
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Figure 2.17. Colorimetry plots representing colour coordinates: L* (lightness/bright-dark), a* (red/green
opponent colours) and b* (yellow/blue opponent colours). Colour measurements were taken on the wood surface
of all samples after extraction. Artificially contaminated balsa was extracted with DFOM, EDTA or PVD in three
different conditions: pH 7, pH 5.6 or not buffered solution. Controls for the buffer solution without any iron
chelator were included. Fresh balsa (Balsa Ref.) and balsa impregnated with iron sulfides (Balsa FeS) are
included as references.

PVD-extracted samples in citrate buffer presented a clearer and greyish hue than samples
extracted in the other two buffer conditions (Figure 2.16). Colorimetric measurements
confirmed that these cubes had a clearer tone (higher L*) and were close to 0 in a*b*
coordinates (Figure 2.17). PVD samples in HEPES buffer or without a buffer kept a darker hue
with a red tonality (Figures 2.16 and 2.17). Control samples, without any chelating agent, also
presented different appearance when treated with citrate buffer than in the other conditions
(Figure 2.16). Iron species seemed to oxidize in HEPES and no-buffer cubes, turning cubes
appearance from a black hue to a red coloration (Figures 2.16 and 2.17). Citrate-buffered
samples became greyish and stayed in a*b* coordinates closer to 0 (Figure 2.17). PVD and

control wood samples plotted together in the colour scale (Figure 2.17).

DFOM samples also presented differences between the different buffer conditions. When

extracted in citrate buffer, samples presented a lighter hue and L* values were higher (Figure
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2.17). However, all DFOM extracted cubes gained a red tonality, and therefore a shift towards
higher a* values was observed (Figure 2.17). Iron-DFOM complex results in an orange-red
solution [114], what could have stained the wood. Finally, EDTA-treated samples presented a
clearer appearance than the wood cubes treated with the other chelating agents (Figure 2.16).
The L* values observed were higher (Figure 2.17). EDTA seems successful in recovering the
original colour of balsa wood. However, in the next section, we further analysed if this
discolouration was only due to iron extraction, or the chelator interfered with wood

components.

Raman analyses helped to better understand the colour changes observed. In these cubes,
Raman spectroscopy measures were conducted on the surface as well as in the core, after cutting
the wood cubes in half. As in the previous section, mostly elemental sulfur was detected in all
samples (Figures 2.18, 2.19, S 2.8 and S 2.9 and Table S 2.7). However, here we were able to
clearly spot some iron oxides and oxyhydroxides, such as hematite and lepidocrocite, in some
of the control and PVD cubes (Figure S 2.7). Therefore, the change of colour observed in control
and PVD samples was confirmed to be because of the formation of iron oxide species. In control
samples, we observed that even in citrate buffer, where the surface of the cubes did not have a
red colouration, right under the surface there was oxidation occurring (Figure S 2.8). WAW
samples usually show iron oxides and oxyhydroxides on the surface and oxygen-sensitive iron
sulfides in the inside [43]. The observed oxidation and remaining the black core, indicate

incomplete extraction.

Just by appearance, PVD treatment seemed to have had a lower effect than the other two iron
chelators tested. Wood cubes resembled and clustered together with control samples (Figures
2.16 and 2.17). Raman analyses also pointed towards that assumption as lepidocrocite was also
detected on the surface of samples treated with PVD (Figure 2.18), but not in any other samples.
Here, we also observed that the cores of the wood cubes remained black. Therefore, PVD was

not able to reach and extract iron from the inside of the wood cubes.
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Figure 2.18. Raman spectra obtained from the PVD-extracted wood cubes in citrate buffer: (a) core and (b)
surface; HEPES buffer: (c) core and (d) surface; and without any buffer: (e) core and (f) surface. Characteristic
peaks of elemental sulfur (a-Ss), lepidocrocite (L), and mackinawite (M) are tagged.

&9



Chapter 2 IRON COMPLEXATION

Figure 2.19. Raman spectra obtained from the DFOM extracted wood cubes in citrate buffer: (a) core and (b)
surface; HEPES buffer: (c) core and (d) surface; and without any buffer: (e) core and (f) surface. Characteristic
peaks of elemental sulfur (a-Ss), along with some unidentified peaks.
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DFOM treatment showed that the inside of the cubes presented a similar appearance to the
surface (Figure 2.19). We can assume that in this case, the siderophore was able to reach the
core of the wood cubes. Moreover, Raman analyses showed mostly elemental sulfur (Figure
2.19). However, the band ~381 cm™! was also registered here in some of the spectra (Figure
2.19). As discussed in the previous section, this band could be associated to goethite [98], pyrite
[43], or cellulose [100]. Above, this Raman shift was argued to be goethite thanks to the parallel
detection of iron by EDS analysis and the lack of other associated Raman bands. In this case,
however, the band appeared in some cases associated with shifts corresponding for wood
components also (~590 and ~1094 ¢m™! [100], [115]) (Figure 2.19). Moreover, on the surface
of DFOM treated wood cubes in no buffered solution, we registered a spectrum with major
peaks at ~430 and ~708 cm!, and minor peaks at ~493 and ~613 cm™!, and in some other spectra
(Figure 2.19), the band at ~708 cm! also appeared. These shifts could be attributed to wood
components, such as cellulose and lignin [100]. Overall, it seemed that DFOM treatment had a
better performance than PVD treatment, as the core of the cubes was efficiently extracted, and

the detection of iron oxides was not as clear as in PVD samples.

Raman analyses of EDTA samples mostly detected elemental sulfur (Figure S 2.9), in both
surface and core spectra. Still, in some of the cubes extracted with EDTA, we also registered
the bands at ~430 and ~708 cm™!, as well as the band at ~380 cm™! (Figure S 2.9). EDTA samples
did not have a black core. The treatment with chemical chelator of reference seemed to

efficiently extract iron from both surface and inner areas.

Indeed, ICP-OES analyses of total iron extracted showed that the extraction of iron was much
higher for both DFOM and EDTA, where the cores were not black, than for PVD and control
samples (Figure 2.20). Actually, PVD extraction was the same as in the control in HEPES buffer
and without any buffer. Only with citrate buffer the extraction increased with respect to the

control, but only in one of the replicates as represented by the big standard deviations.
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Figure 2.20. Total iron extracted from the model wood samples (mg Fe/g wood) using DFOM, PVD, EDTA, or
no chelator (control), over time. The extraction was conducted in three different conditions: citrate buffer (pH
5.6), HEPES buffer (pH 7), or without any buffer.

The lower extraction observed using our purified PVD could be due to a lower concentration
of this siderophore compared to the other two chelating agents. The concentration of our PVD
extract was calculated experimentally. Also, PVD was kept regularly at -20 °C to prevent
degradation. However, some deterioration could have occurred during storage time.
Stabilization of the purified extract should be considered in the future. Formation of a PVD salt,

as in the case of DFOM (deferoxamine mesylate salt), could increase stability.

DFOM presented very similar results to the reference chemical chelator. Both chelating agents
arrived at similar extraction values after 15 days extraction (Figure 2.20). The main difference
was that EDTA reached saturation in only 2 days, while DFOM started to reach saturation after
15 days (Figure 2.20). Diffusion into the wood seems to have been different for both chelators.
Even though DFOM has a higher affinity for iron (logKr=30.5) than EDTA (logKr=25.1) [10],
the faster diffusion of EDTA may have compensated this fact in the experimental time. EDTA
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has a lower molecular weight than DFOM. Longer extraction times may have translated to
bigger extraction rates of DFOM, as in some of the conditions the extraction curve was still not
flat (Figure 2.20). However, diffusion rate is a key point in the extraction of iron from wood
[116]. Lower diffusion rates would increase treatments duration, making the overall process

time-consuming. Still, the benefits of using a greener chelator may overcome this drawback.

Overall, the use of citrate buffer improved extraction rates for the siderophores (Figure 2.20).
Still, previous studies have shown that in some cases citric acid does not have a synergic effect
in the dissolution of iron minerals due to adsorption competition in the minerals surface [49].
Moreover, the concentration of the chelating agent here was higher (10 mM) than in the study
of dissolution of mineral phases (200 uM). In particular for DFOM, this fact could explain why
in this experience the differences observed between citrate buffer and the other buffer
conditions were not as notable as in the dissolution of minerals, especially for mackinawite. In
this case the extraction of iron was mostly influenced by DFOM, while in the previous section
citric acid may have been the key player. Extraction with EDTA was not significatively

different between buffers (p-value = 0.413) (Figure 2.20).

Solutions with citrate buffer increased the pH from ~5.6 0.1 to 7.3 £1.0, 7.6 £0.2, 8.0 £1.0,
and 8.4 +0.1, for DFOM, PVD, EDTA, and control, respectively. The pH values showed that
citrate buffer interacted with iron as the buffer effect was lost for all cases. HEPES buffer kept
a stable pH ~7, while the solutions without a buffer went from pH ~5.9 +1.0 to 8.0 £0.3, 7.8
+0.7, 8.2 £2.2, and 7.8 £0.2, for DFOM, PVD, EDTA, and control, respectively. All pH
increased when no buffered was added as with citrate buffer. The impregnation solution has a
highly basic pH, even if the cubes were rinsed, this could explain the increase in pH in the

solutions.

Complementary IC analyses were carried out to detect any oxidation of sulfur species.
However, the high amounts of dissolved sulfide (hydrogen sulfide H>S, hydrosulfide ions HS
or sulfides S*) contaminated the chromatography column not allowing to read other anions.
Nonetheless, ICP-OES measured gave us values of total sulfur in solution. Extraction of iron is
usually accompanied with the extraction of other compounds [45]. The chelation of iron from
iron sulfides should also release sulfur species into solution. After 2 days extraction we
measured high quantities of sulfur in solution (Figure S 2.10). However, over the extraction
time, sulfur in solution decreased (Figure S 2.10). This fact explains the high quantities of

elemental sulfur detected on the cubes with Raman analyses. To avoid the precipitation of
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elemental sulfur and other sulfur species an oxidant could be included. The oxidation of the

sulfur species co-extracted with iron is a theme of discussion in the next chapters of this thesis.

Interaction of siderophores with analogues of wood

Green chelators, such as siderophores, are quite recent in the field of conservation. Therefore,
is essential to assess any secondary reaction with wood components. As we have seen, DFOM
had a different effect in the model wood samples to EDTA. Both chelating agents extracted the
same amount of iron (figure 2.20). Still, the final appearance of the wood cubes was

significatively different (Figure 2.16).

Siderophores play an important role in the metabolism of different microorganisms. Therefore,
even though their use in conservation is new, their interaction with wood has been previously
study. For example, some studies have been interested in the role that fungal siderophores play
in the degradation of cellulosic substrates [24]. Following a similar experimental plan to the
cited reference, we tested the effect of our purified PVD, DFOM and EDTA in some wood
analogues. For instance, Remazol brilliant blue R (RBBR) have been tested before to study
ligninolytic activities [117]. We incubated the RBBR in presence of the three chelating agents
with or without Fe**/H,O,, to exclude that the degradation is due to the production of reactive
oxygen species (ROS) by Fenton reaction. After 3 days of incubation, no significant decrease
in absorbance was observed for any chelator in any condition (Table S 2.8). Therefore, no

degradation of RBBR was observed in the experimental conditions.

Parallelly, we also studied the degradation of p-nitrophenyl-B-D-glucopyranoside (pNPG). We
studied if siderophores are involved in depolymerization of cellulose by Fenton rection, using
the pNPG analogue. After 56 h, both siderophores had released pNP to values close to the
control without any chelator. DFOM even presented lower pNP values than the control (Figure
2.21). On the contrary, EDTA in presence of Fe**/H»O released high levels of pNP, therefore,
EDTA interfered in the breakage of pNPG. Needs to be noted that controls without Fe**/H,0»,
and only the chelating agent did not release any pNP (Figure S 2.11). Consequently, this
reassures that the breaking of pNPG observed in presence of EDTA, Fe** and H2O: is due to

Fenton reaction and the production of ROS.
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Figure 2.21. p-nitrophenol (pNP) released from pNPG by DFOM-Fe*t/H:0,, PVD-Fe**/H20,, EDTA-Fe’*/H:0:,
and the control with only Fe’*/H:0:.

The redox potential is an important parameter for the stability of iron-siderophore complexes.
The standard redox potential (E°) of the iron(III)/iron(Il) couple in water at pH 2 is +770 mV,
however this value can vary due to iron chelation and pH. Indeed, when stable iron-siderophore
complexes are formed, the redox potentials observed shift to negative. For most iron-
siderophores complexes, the redox potentials are in the range from -350 to -750 mV, meaning

that the chelated iron(IIT) will not react with most of the biological reducing agents [15].

This low redox potential also prevents participation of iron as a catalyst in redox processes such
as the Haber-Weiss cycle, which produces ROS. A positive redox potential in an aerobic
environment will lead to the production of highly harmful hydroxyl radicals [12]. For example,
EDTA is well-known to promote the formation of hydroxyl radicals [93]. Iron(III)-
EDTA/iron(II)-EDTA redox potential is +96 mV [118], more positive than in the case of iron-
siderophore complexes. Consequently, siderophores are a safer option to use in organic
materials as the production of ROS is likely in the presence of EDTA and iron ions in an

oxidative environment.
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Moreover, the use of EDTA as chelator is under risk assessment [119], [120]. The high
emissions of EDTA into the natural environment and its low biodegradability justifies the
reduction in the use of this chemical [120]. Furthermore, although EDTA has been evaluated
as low risk for human health, this implies that protective measures are taken to minimise users

exposure [121].

Conclusion

Siderophore-producing bacteria were not able to efficiently extract iron from artificially
contaminated model wood samples. However, each bacterium showed very different effect in
the wood. Some, like S. ureilytica and P. putida, prevented the oxidation of iron sulfides. This
could be interesting as new trends in conservation of WAW are looking at prevention instead
of intervention. However, further analyses are needed to deeply understand the chemical

changes that prevent the oxidation.

On the other hand, the use of siderophores reported very good results. DFOM presented
comparable results to the chemical chelator, EDTA. Even though the extraction times were
longer with DFOM than EDTA, EDTA promoted the degradation of wood analogues and the
final appearance of the cubes was further away from the typical WAW dark hue. Therefore,
DFOM is safer alternative for the wooden objects. Moreover, current trends in green chelators
are looking to reduce the usage of EDTA in favour of more biodegradable compounds that do

not accumulate in the environment [119], [120].

DFOM presented better results than purified siderophore, PVD. The instability of this
siderophore may have accounted for the differences observed. The use of commercial, stable

siderophores can be, however, attractive for end users.
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Supplementary material 2.3

Figure S 2.4. Growth of the different siderophore-producing bacteria: E. coli, P. putida, and S. ureilytica, in MM9
medium with model wood samples,; compared to the abiotic control.
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Figure S 2.5. Raman spectra obtained from the artificially contaminated wood sample before any extraction
treatment. Characteristic peaks of elemental sulfur (a-Ss), mackinawite (M), and greigite (G) are tagged.

Table S 2.6.Compounds identified by Raman spectroscopy after 3 days of extraction with different siderophore-

producing bacteria, or without bacteria (control M), compared to the compounds identified in the reference wood
before any treatment (Figure S 2.5).

Compounds identified

Bands observed (cm™)

Mackinawite 255,290
Artificially .
contaminated balsa Greigite 354,363
Elemental sulfur 150, 219, 473

Control M

Escherichia coli

Pseudomonas putida

Streptomyces pilosus

Serratia ureilytica

Elemental sulfur

Elemental sulfur
Goethite*/cellulose*
Elemental sulfur

Mackinawite
Elemental sulfur

Elemental sulfur

Mackinawite

150, 218, 242, 437, 470

153, 220, 242, 472
381

150, 220, 472 / 220
284

151, 216, 221, 245, 432, 474

153, 220, 245, 435, 471
308

References: [43], [96], [98].
Compounds marked (*) are not confirmed.
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Figure S 2.6. Secondary electron micrograph of a tangential cut of a control M wood sample, with the
complementary EDS spectrum. The EDS analysis is corresponding to the red area indicated on the SEM image.

Figure S 2.7. Secondary electron micrograph of a cross section cut of one E. coli wood sample, with the
complementary EDS spectrum. The EDS analysis correspond to the whole area visible on the SEM image.

Figure S 2.8. Secondary electron micrograph of a cross section cut of one P. putida wood sample, with the
complementary EDS spectrum. The EDS analysis correspond to the whole area visible on the SEM image.
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Table S 2.7. Compounds identified by Raman spectroscopy after 3 days of extraction with different siderophore-

producing bacteria, or without bacteria (control M), compared to the reference before any treatment.

Buffer Compounds identified Main bands observed (cm™)
Astificiall Mackinawite 255,290
contar;tinl;tl:d ialsa Greigite 354,363
Elemental sulfur 150, 219, 473
Citrate pH 5.6 Elemental sulfur 154, 220, 473
Hematite 227,245,293, 412
Elemental sulfur 154, 220, 473
Goethite* or cellulose™ 382
HEPES pH 7 Elemental sulfur 221,429,474
Control Goethite* or cellulose™ 380
Elemental sulfur 154, 220, 248, 473
Goethite* or cellulose™ 380
No buffered Elemental sulfur 152,221, 244, 474
Elemental sulfur 155, 220
Lepidocrocite + Goethite 252,379, 480
Citrate pH 5.6 Elemental sulfur 155, 220, 474
Elemental sulfur 152,220, 474
HEPES pH 7 Elemental sulfur 153, 220, 473
Wood substrate™ 708
DFOM Ele.mental sulfur 155, 220, 474
Goethite* or cellulose™ 380
No buffered Goethite* or cellulose™ 381
Wood substrates* 589, 1094
Elemental sulfur 152,220,471
Wood substrates* 430, 493, 630, 708
Citrate pH 5.6 Elemental sulfur 154, 220, 474
Elemental sulfur 154, 220, 477
HEPES pH 7 Elemental sulfur 155,220
Elemental sulfur 154,220 473
PVD No buffered Elemental sulfur 152,220
Mackinawite 305
Elemental sulfur 220,472
Lepidocrocite 248,375
Citrate pH 5.6 Elemental sulfur 155, 220, 474
Elemental sulfur 154,221, 474
HEPES pH 7 Elemental sulfur 153,220
Wood substrates* 432,709
EDTA Elemental sulfur 153, 220, 474
No buffered Elemental sulfur 155, 220
Elemental sulfur 152,220,472
Goethite* or cellulose™ 380
Elemental sulfur 155,221,474

References: [43], [96], [98].

Compounds marked (*) are not confirmed.
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Figure S 2.9. Raman spectra obtained from the control wood cubes in citrate buffer: (a) core and (b) surface;
HEPES buffer: (c) core and (d) surface; and without any buffer: (e) core and (f) surface. Characteristic peaks of
elemental sulfur (a-Ss), hematite (H), and lepidocrocite (L) are tagged, along with some unidentified peaks.
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Figure S 2.10. Raman spectra obtained from the EDTA extracted wood cubes in citrate buffer: (a) core and (b)
surface; HEPES buffer: (c) core and (d) surface; and without any buffer: (e) core and (f) surface. Characteristic
peaks of elemental sulfur (a-Ss) are tagged, along with some unidentified peaks.
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2.3 Extraction of iron from model wood samples

Figure S 2.11. Total sulfur extracted from the model wood samples (mg S/g wood) using EDTA (¢), DFOM (m),
PVD (A), or no chelator (control (e)), over time. The extraction was conducted in three different conditions:
citrate buffer (pH 5.6), HEPES buffer (pH 7), or without any buffer.
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Table S 2.8. Ratios of absorbance between the maximum absorbance of RBBR (590 nm), and a reference
absorbance (500 nm), for the different chelating agents and RBBR, at T0 and TF (3 days).

Abs 595/Abs 500 at TO  Abs 595/Abs 500 at TF p-value (t-test)
RBBR-Fe**/H>0: 1.45+0.10 1.46 +0.10 0.85
DFOM-Fe**/H20: 1.27 £0.03 1.27 £0.03 0.78
EDTA-Fe**/H,0: 1.69 +£0.10 1.67 £0.10 0.59
PVD-Fe*'/H20: 1.19 £0.03 1.12 £0.06 0.10

Figure S 2.12. p-nitrophenol (pNP) released from pNPG by DFOM, PVD, EDTA in presence of with only Fe**,
only H20:, or without any additive. A control with only pNPG and without Fe’*nor H20: is also included.
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BIOLOGICAL OXIDATION OF SULFUR SPECIES

Section 3.2.1 of this chapter is based on the following published article:

e M. Albelda Berenguer., M. Monachon, C. Jacquet, P. Junier, C. Rémazeilles, E. J.
Schofield and E. Joseph, “Biological oxidation of sulfur compounds in artificially
degraded wood,” Int. Biodeterior. Biodegradation, vol. 141, pp. 62—70, Jul. 2019, doi:
10.1016/.ibiod.2018.06.009.

Results from sections 3.1 and 3.2.2 are not published.
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Summary

Sulfur oxidation is an early metabolic pathway. Several bacteria are able to oxidise sulfur
compounds to obtain energy. In this chapter, we worked with the chemolithotroph bacterium
Thiobacillus denitrificans as model for the oxidation of sulfur species under neutral pH in
denitrifying conditions, or oxic environment. First, the solubilisation of three common sulfur
compounds found in waterlogged wood was studied. 7. denitrificans was able to oxidise
elemental sulfur using nitrates and oxygen. However, the oxidation of mackinawite and pyrite
was more challenging, and biological oxidation was not clearly observed in the experimental
conditions, especially for pyrite. On the other hand, 7. denitrificans was able to metabolise
synthetic sulfur compounds present in model wood samples (oak and balsa wood). In particular,
the bacteria were able to solubilise partially oxidised mackinawite. Although, secondary abiotic
reactions were detected. The formation of phosphate precipitates was observed in both samples
and abiotic controls. When other buffer agent was included in the medium solution, it seemed
that iron oxides precipitation occurred. In both cases, iron was not co-extracted with sulfur
species highlighting the need for an extraction treatment that includes sulfur and iron

mobilisation.
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3.1 Oxidation of mineral sulfur phases

Abstract

Iron sulfides are common compounds in the Earth crust, being pyrite the most abundant. The
oxidation of these phases in anoxic conditions is not well-understood. In particular, discussion
still exists about the possibility of microbial oxidation of pyrite in these conditions. The
solubilisation of these species is of interest in many fields, here we are interested in the removal
of iron sulfides and other sulfur species from waterlogged archaeological wood (WAW). The
bacterium Thiobacillus denitrificans was selected as model to carry out the oxidation of
elemental sulfur, mackinawite and pyrite under several experimental conditions. The oxidation
of elemental sulfur to sulfates was possible under all conditions. Mackinawite was also oxidised
but with very low conversion rates and not in all set-ups. Finally, pyrite is still under discussion.
As other researchers found before, the oxidation of pyrite was not clearly driven by solely

biological processes and further investigations are needed.

Introduction

Iron sulfides establish a diverse group of solids and dissolved complexes that are an essential
component in the biogeochemical cycles of iron and sulfur [1]. The connection between the
iron and sulfur cycles is strongly influenced by microbial activity. For instance, sulfate anions
(SO4*), which are reduced to sulfides by bacteria, react with ferrous iron (Fe*") to form iron
sulfides [2]. The further oxidation of the iron sulfides minerals and other sulfur species is
closing the cycle. The involvement of microorganisms in the last step has been studied in natural
environments [3], [4]. For example, pyrite (FeS>) oxidation under oxic and low pH conditions
has been extensively studied. Acidophilic microbes, represented by Acidothiobacillus
ferrooxidans, enhance pyrite dissolution through aerobic ferrous iron oxidation, which
produces soluble Fe*" ions that chemically attack the pyrite [5], [6]. Even though this microbial
process is very successful oxidizing iron sulfides, these conditions are not ideal in a wood
matrix. Acidic conditions promote acid hydrolysis of cellulose [7]. However, the oxidation of
iron sulfides has also been observed in in sediments, shallow aquifers, and soils that present an
anoxic and circumneutral environment [25]. Oxidation in these conditions is more suitable for

the further application in a wood matrix.

Nitrates consumption related to sulfates production has been detected at several pyrite-bearing
aquifers over the past few years [3], [8], [25]. Field studies suggested that the nitrates reduction

and sulfates production observed was caused by the mediated microbial nitrate-dependent
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oxidation of pyrite [4], [9]. However, laboratory experiments are contradictory. Using the
bacterium Thiobacillus denitrificans as model for such oxidation, some studies showed the
capability of the bacteria to couple the reduction of nitrates with the production of sulfates [10].
On the contrary, other studies failed to correlate the oxidation of pyrite to the reduction of
nitrates. In the latest, the oxidation of co-existent elemental sulfur on the pyrite surface is
proposed as the source for sulfates production [11]. Pyrite is an acid-non-soluble metal; thus,
all valence bands are derived from metal orbitals. In this metal sulfide, the covalent bonds
between sulfur and metal element are kept until six successive one-electron oxidation steps
occur and thiosulfates are produced. The oxidation of pyrite is so far known exclusively as the
transfer of valence band electrons to Fe’* ions [12]. The bacteria here acquire energy through

iron-assisted electron shuttling.

However, two pathways have been proposed for the anaerobic pyrite oxidation at neutral pH
[13]. The indirect mechanism is the already described oxidation of pyrite by Fe** ions. As for
aerobic acidophiles, microbial oxidation of ferrous iron would occur, but in this case coupled
to nitrate reduction. However, this would require an acidic micro niche or chelated iron species,
as in neutral pH free aqueous iron(Ill) tends to precipitate. In these conditions, a second
mechanism postulates a direct attack of the pyrite surface by cell attachment and destabilization
of pyrite surface [13]. More experimental evidence however is required to validate both
pathways, and the microbial pyrite oxidation remains unclear. On the contrary, iron
monosulfides, such as mackinawite (FeS), are acid-soluble minerals and the proton-promoted
dissolution pathway is clearly defined. Sulfur-oxidizing bacteria (SOB) oxidise free hydrogen
sulfide (H2S), which is formed during proton attack of the iron sulfide, to sulfuric acid. Thus,

the protons previously consumed by the metal sulfide dissolution are regenerated [12].

The oxidation of iron sulfides and elemental sulfur has been investigated for different
applications. In particular, the denitrification of wastewater by SOB is possible with the
addition of iron sulfides or elemental sulfur [14], [15]. Recently, 7. denitrificans has been
proposed for the dissolution of pyrite inside waterlogged wood [16]. The capability of
conducting nitrate-dependent oxidation of pyrite at neutral pH will open many lines of

application.

T. denitrificans was the first non-filamentous chemolithoautotrophic bacteria discovered to be
able to use inorganic sulfur as energy source [17], [18]. The goal of this study is to evaluate the
capacity of 7. denitrificans to oxidise mineral sulfur phases commonly found in waterlogged

archaeological wood. Elemental sulfur (a-Ss), mackinawite (FeS) and pyrite (FeS») were used
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as main mineral phases. The oxidation was conducted under different conditions to evaluate

diverse possible application protocols.

Materials and Methods

Bacteria and culture conditions
Thiobacillus denitrificans (DSM 12475) was obtained from the German Collection of

Microorganisms and Cell Cultures (DMSZ GmbH, Germany). The strain was cultivated using
standard anaerobic techniques at 30 °C in the dark using 113 medium (2017 DMSZ).

Sulfur mineral phases

Elemental sulfur (a-Sg) was purchased with a purity of 99.998% based on trace metals analysis
(Sigma-Aldrich, Unites States). Mackinawite (FeS) was obtained with a purity of 99.9%, (trace
metal basis) and -100 mesh (Acros Organics, Unites States). Minerals were sterilized washing

with ethanol 70% (v/v).

Natural pyrite (FeS;) crystals (1-2 cm in diameter) acquired from Pierre qui Roule
(http://www.pierrequiroule.ch), Nods, Switzerland, were pre-ground under ambient atmosphere
in an agate mortar to a particle size of 1-5 mm. The final grinding was done also under ambient
atmosphere in an automatic mortar grinder RM 200 (Retsch, Germany). After the grinding, the
pyrite powder was sieved for a more uniform final product. The sieve used had a pore size of
45 pm (Sigma-Aldrich, Unites States). The resulting powder was resuspended in 200 mL N»-
flushed Milli-Q® water and sonicated for 45 min. After removing the water, the pyrite powder
was washed twice in 200 mL of 1 M HCI shaking for 1 h at 180 rpm. Afterwards, the pyrite
powder was washed three time in 200 mL of pure acetone shaking for 20 min at 220 rpm.
Finally, the powder was rinsed twice in Na-flushed Milli-Q® water. After removing the
maximum water possible the pyrite powder was frozen at -20 °C and lyophilized. Some samples
of pyrite were only washed with HCI. The resulting dried powders was analysed by SEM-EDS,
and XRD.

Oxidation experiments

Oxidation of mineral sulfur phases

The oxidation of the three mineral sulfur phases was conducted under several conditions (Table
3.1). T. denitrificans was grown at 30 °C in 113 medium (2017 DSMZ) for 5 days. Then, the

cells were recovered by centrifugation and washed three time in medium 113 without nitrates,
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or any sulfur or iron source. 7. denitrificans was inoculated to every experiment to the final cell

concentration mentioned in Table 3.1.

Table 3.1. Overview of the different experimental conditions for the study of biological oxidation of elemental
sulfur, mackinawite or pyrite.

Experiment Experiment Experiment Experiment Experiment

I I I v \%
Cell concentration (cells'mL") ~1x10° ~1x10° ~1x10° ~1x10° ~1x108
Initial nitrate concentration
20 20 20 20 20
(mM)
Oxygen - - yes yes -
Initial concentration of mineral
30 30 30 30 30
(mM)
Additional sulfur source - 2.or 8 mM - .8 mM -
thiosulfates thiosulfates

*Exp. V was only conducted with pyrite powder.

In experiments without oxygen, the solution was degassed under vacuum (-960 mbar) and then
N»-flushed. Experiments were conducted in glass serum bottles sealed with butyl rubber
stoppers and flushed with CO2/N2 (20/80%) at 30 °C in the darkness. Experiments where
oxygen was not removed from the solution were carried out in no sealed bottles at 30 *C in the
dark. The oxidation medium consisted of a modified 113 medium where all the sulfur and iron
compounds were removed. The final composition of the modified medium was: 15 mM
KH>PO4, 20 mM KNOs3, 19 mM NH4Cl, 3.2 mM MgCl-6H>0, 30 mM NaHCO3, and 2 mL of
modified SL-4 oligo-elements solution (Table S 3.2). The bottles were filled with 100 mL of
extraction medium and 30 mM of mineral. In experiment II, Na>S>03-5H,O was added
anoxically to a final concentration of 2 or § mM (Exp. II.1 and II.2, respectively). In experiment
IV, NaxS>03-5H>0 was added to a final concentration of 8 mM Samples of the solutions and

mineral powder were taken over time for further analyses.

Several controls were carried out to evaluate secondary reactions. Some bottles contained the
mineral and nitrates but no 7. denitrificans (abiotic oxidation control), others contained only
the mineral and 7. denitrificans but no nitrates (oxygen controls in experiments I, I and V).
Controls for the additional sulfur source included Na>S>03-6H>O at the correct concentration,

nitrates and 7. denitrificans. Finally, controls for internal accumulation of sulfur contained only

120



3.1 Oxidation of mineral sulfur phases

nitrates and 7. denitrificans, but no sulfur source. Experiments were performed in three
independent replicates, whereas the controls were run in duplicate. One sample and one control

bottle were not sampled over time to dismiss differences due to sampling.

Oxidation of iron sulfides in presence of iron chelators
The oxidation of pyrite is promoted by the presence of iron(Ill). To evaluate if the presence of
chelated iron enhances the dissolution of pyrite, 7. denitrificans was incubated with pyrite and

three different iron chelators independently.

T. denitrificans was prepared as described above. Then, inoculated to the modified 113 medium
where all the sulfur and iron compounds were removed. The solution was degassed under
vacuum (-960 mbar) and then N»>-flushed. Experiments were conducted in glass serum bottles
sealed with butyl rubber stoppers and flushed with CO2/N2 (20/80%) at 30 °C in the darkness.
The final concentration of pyrite was 30 mM. Bottles containing 30 mM mackinawite were also
inoculated and studied in the same way for comparison. The three iron chelators used were
EDTA, and two siderophores, deferoxamine mesylate (DFOM, purchased as Desferal®,
Novartis AG, Switzerland) and our purified pyoverdine (PVD). The final concentration of
chelator in the solution was 0.8 mM. Samples of the solutions and mineral powder were taken

over time for further analyses.

Several controls setup out to evaluate secondary reactions. Some bottles contained the mineral
and the iron chelator but no 7. denitrificans (abiotic oxidation control with chelator), others
contained only the mineral (abiotic oxidation). Controls with the mineral, the iron chelator and
T. denitrificans but no nitrates (oxygen controls). Controls with only the iron chelator and T.
denitrificans (oxidation of chelator). Finally, controls for internal accumulation of sulfur
containing only nitrates and 7. denitrificans were also included. Experiments were performed
in three independent replicates, whereas the controls were run in duplicate. One sample and one

control bottle were not sampled over time to dismiss differences due to sampling.

Analytical methods

Ferrozine assay

In the experiments containing iron sulfides, iron oxidation was evaluated by the quantification
of iron(Il) with the Ferrozine assay [19]. Iron concentrations were measured over time in
samples taken from the supernatant and from the solid fraction. Samples from the solution were
filtered through a 0.22 um PVDF membrane (BGB Analytik, Switzerland) to remove solid
particles. Both samples were fixed mixing 800 pL of sample with 200 uL of 2 M sulfamic acid
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(H3NSO3). In solid samples, iron will get solubilized from the solid phase. To calculate iron(II),
100 pL of the fixed solution were mixed with 900 pL of 0.1% (w/v) Ferrozine reagent (Sigma-
Aldrich, United States) prepared in 100 mM HEPES (Sigma-Aldrich, United States) solution
adjusted to pH 7. For the measurement of total iron, 150 puL of 1.5 M hydroxylamine-HCI were
added to the previous mix. The absorbance was measured after 2 h at 562 nm with an Asys
UVM 340 Microplate Reader (Biochrom, United Kingdom). Total iron and iron(II) in solution
were calculated using the prepared standard curves with known concentrations of iron
(supplementary material 2.2). Iron(Ill) concentrations are calculated subtracting iron(II)

concentrations to total iron.

lon chromatography (IC)

For the determination of the concentration of sulfates (SO4%), nitrates (NO3"), nitrites (NO2"),
and phosphates (POs*), samples were filtered at 0.22 um (BGB Analytik, Switzerland) to
remove residual particulate matter. Filtered samples were correctly diluted and analysed by ion
chromatography (Dionex ICS-1600). The instrument was equipped with a conductivity
detector, a Dionex Ion Pac™ AS14A (4 x 250 mm) anion exchange column, and a Dionex Ion
PacTM RFIC™ (4 x 50 mm) guard column. A solution of 8 mM Na,COj3; and 1 mM NaHCO3
was used at a flow rate of 1.3 mL-min! as mobile phase. The detection limit was 0.05 mg-L™!.

Data was analysed with the Chromeleon™ software (Thermo Fisher Scientific, United States).

pH measurements

A 691pH Meter Metrohm (Metrohm AG, Switzerland) standard pHmeter was used to control
the pH of the solution over time with an ionic electrode (unitrode 6.0259.100) calibrated with

buffer solutions (pH 4, 7 and 9).

Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS) analyses

Samples after incubation with the bacteria were prepared before observation as follows.
Cultures were centrifuged and fixed for 1 h with 2.5% glutaraldehyde solution in 0.1 M sodium
cacodylate, washed twice by centrifugation with the same solution and fixed again for 2 h with
1% osmium tetraoxide in 0.1 M sodium cacodylate. After the secondary fixation, the samples
were washed twice with distilled water. Then dehydration steps were performed using different
concentrations of ethanol (25%, 50%, 75%, 90%, 100% (v/v)) and then pure acetone. Finally,
samples were mounted on stubs using carbon conductive tape. Elemental sulfur samples were
coated with a layer of carbon using a Leica EM SCDO050 (60 mA current, 5 cm, 5 s duration,

argon gas). Samples were examined using a Thermo Scientific™ Scios™ 2 DualBeam™
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(Thermo Fisher Scientific, Unites States) equipped with an energy-dispersive X-ray analyser
(EDAX, Unites States). The samples were observed using an EDT detector (secondary electron

acquisition), an acceleration potential of between 20-10 kV and a 7 mm working distance.

X-Ray Diffraction (XRD)

X-Ray diffraction (XRD) analyses were performed on pyrite powder at the end of the
preparation protocol. The diffraction patterns were collected for 20 < 20 < 99 using
PANalyticalX’PertProMPD diffractometer equipped with a fast-linear detector and sample
spinner. The measurement time was 60 h to acquire high statistics for better signal-to-noise

ratio. The sensitivity of the XRD phase analyses was about 1 % weight.

Results and Discussion

Pyrite characterisation

X-ray diffractogram (XRD) patterns of the analysed powders corresponded to pyrite phase
(Figure 3.1). However, an extra low intensity peak at 2theta of 26.6 © was observed when the
pyrite powder was washed with acetone. This peak was absent for samples only washed in HCI1
(Figure 3.1). No phase could be attributed to the extra peak. Moreover, EDS analyses revealed
a Fe:S ratio of approximately 1:2 suggesting that the powder consisted of pyrite (Figure 3.2).
Some minor contaminations were detected (Figure 3.2). Overall, pure pyrite crystals were

assumed.

Figure 3.1. X-ray diffractogram of pyrite HCl-acetone washed (A), and pyrite HCl washed (B). Vertical grey lines
indicate the reference pyrite (FeSz) pattern.
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Figure 3.2. SEM image and corresponding EDS spectrum of the ground pyrite after HCI and acetone wash.

The ground pyrite had a crystalline cubic structure, and due to the sieving, particles were of 50
um or smaller (Figure 3.2). A wide range of sizes up to 50 um were observed. The pyrite
particles within the wood varies from nm to 20-50 um [20], [21]. The HCI washing helped to
remove the nanosized structures. However, some nanoparticles were still detected on the
surface of bigger pyrite crystals (Figure 3.2). Previous studies have shown the capacity of T.
denitrificans of oxidise the nanoparticulate fraction of pyrite [10]. The range of sizes in the
experiment helped to figure out if the oxidation of pyrite by the bacteria is limited to the

nanosized structures.

Oxidation of mineral sulfur phases

Elemental sulfur (a-Ss), mackinawite (FeS) and pyrite (FeS>) are recurrent sulfur species
detected in waterlogged wooden objects [20]. The extraction of these phases is important for
the stability of the artefacts. Here, we studied the oxidation of the three compounds in different

conditions.

First, we considered the oxidation of the three phases under anoxic environment. After 72 days
of incubation, 7. denitrificans was able to oxidise elemental sulfur, but the biological oxidation
of mackinawite and pyrite was not as clear (Figure 3.3). The bacteria were able to develop with
elemental sulfur more successfully than the other two sulfur species (Figure 3.3). T.
denitrificans consumed 9.75 £1.24 mM nitrates and generated 7.62 £1.18 sulfates and 4.08
+0.57 mM nitrites, respectively, in presence of elemental sulfur (Table 3.2). On the contrary,
the bacteria only consumed 0.57 +0.26 mM nitrates and produced 0.68 £0.14 mM sulfates and
0.23 +0.20 mM nitrites, respectively, in presence of mackinawite (Table 3.2). In the pyrite
experiment, no significant consumption of nitrates (ANO; = 0.19 +0.06 mM), no production of

nitrites and no significant release of sulfates (ASO4> = 0.26 £0.27 mM) was found (Table 3.2).
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Figure 3.3. Concentration over time of nitrates, nitrites, and sulfates in presence of T. denitrificans (closed
symbols) or abiotic controls without bacteria (open symbols), in the anoxic experimental set-ups (Exp. I, I1.1 and
11.2) for the different mineral sources under study: elemental sulfur, mackinawite, and pyrite. In experiments with
thiosulfates addition (Exp. II.1 and 11.2), sodium thiosulfate control is included. Error bars show standard
deviation of two or three replicates.

Similar studies have found that 7. denitrificans is indeed able to use elemental sulfur as energy
source, but not crystalline pyrite [11]. The changes observed with pyrite, are likely due to
abiotic oxidation by residual oxygen in the solution. Similar amounts of sulfates were detected
in the controls, and the standard deviations for consumption of nitrates suggest that the
depletion observed is just due to measurement variations (Table 3.2). On the other hand, the
results obtained with mackinawite point towards a biological oxidation. Even though the
quantities detected were smaller than for elemental sulfur, sulfates detected in the samples were

significantly higher than in the control. Moreover, nitrites were not detected in the controls
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(Figure 3.3). Previous studies have also recorded a slight production of nitrites in 7.

denitrificans cultures amended with nitrates and FeS [10].

Calculated stoichiometry ratios (depleted nitrates/produced sulfates (ANO3;/ASO4*) and
depleted nitrates/produced nitrites (ANO3/ANQOy")) for the elemental sulfur samples approached

the following standard oxidation reaction [11]:
178y + 24NO3 + 8H,0 — 6NO; + 9N, + 1750;~ + 16H* (1)

The theoretical ratios for this reaction are 1.4 and 4 for ANO3;/ASO4* and ANO3;/ANOy",
respectively. Calculated ratios were 1.28 +0.04 and 2.39 +0.03 for the same ratios, respectively
(Table 3.2). More sulfates and nitrites were produced experimentally than expected for equation
1. However, a reaction without production of nitrogen would translate to more nitrites and less

sulfates:
Sy + 3NO; + H,0 — 3NO; + SO;~ + 2H* ()

The bacteria were metabolising elemental sulfur mostly through reaction 1, but complementary
pathways, as equation 2, could also be happening. With mackinawite we also expect that the

bacteria went through a partial denitrification:
1.5FeS + 3NO; + 2H* — N, + NO; + 1.5Fe?* + 1.5502~ + H,0 (3)

The theoretical ratios for this reaction are 2 and 3 for ANO;/ASO4* and ANO3;/ANOy,
respectively. While calculated ratios were 0.72 +0.26 and 2.65 +0.94, respectively. We
observed a smaller ratio for ANO3/ASO4%, implying that there may have been also total

denitrification [3]:
5FeS + 8NO; + 8H* — 4N, + 5Fe?* + 5507~ + 4H,0 4)
This latest reaction involves more production of sulfates for less consumption of nitrates.

In the next experiments, an additional sulfur source (i.e., thiosulfates) was included to help
initial growth of the bacteria to have a higher cell concentration in the solutions. Prior work has
related the cell concentration with higher oxidation rates [11]. Elemental sulfur samples and
mackinawite samples followed a similar path where the ANO3/ASO4* ratio would decrease,
while the ANO3/ANO:>" ratio would increase (with an exception for mackinawite in exp. II.1)
(Table 3.2). The decrease in the ANO3/ASO4*" ratio can be related to a higher production of

sulfates via thiosulfates oxidation, that involve less consumption of nitrates [22], [23]:

55,02 + 8NO; + H,0 > 10SO2™ + 4N, + 4H* (5)
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Table 3.2. Mass balance of educts and products for the different experimental set-ups after the incubation time®.

NO; depleted SO+ produced NO2 produced | ANO3/ASO+s ANQOs3;/ANOr

(mM) (mM)® (mM) ratio ratio
Exp. 1 9.75 +1.24 7.62+1.18 4.08 £0.57 1.28 +0.04 2.39+0.03
Exp. IL1 10.02 £1.26 9.32+1.52 3.43 +0.0.86 1.08 £0.05 3.11+1.15
Mineral
sulfur Exp. 1.2 8.07 +0.23 13.83 +0.06 2.14 +0.30 0.58 £0.01 3.82 +0.65
(a-Ss)
Exp. Il 0.00 5.22+1.27 0.10 +0.17 - -
Exp. IV 5.20 £0.02 15.06 +0.22 0.70 +0.21 0.35 +0.00 7.75 £2.29
Exp. 1 0.57 +0.26 0.68 +0.14 0.23 £0.20 0.72 +0.26 2.65 +0.94
Exp. IL1 4.19 +0.15 4.04+0.22 1.22+0.15 1.04 +£0.08 3.47 4034
Macki-
nawite  Exp.1.2  13.39+0.13 20.70 +0.17 0.44 +0.07 0.65 £0.01 30.47 +4.92
(FeS)
Exp. Il 0.00 0.110.11 0.00 - -
Exp. IV 11.05 +0.10 19.17 +£0.05 0.00 0.58 £0.01 .
Exp. 1 0.19 +£0.06 0.26 £0.27 0.00 - -
Exp. IL1 2.12 +0.51 4.07 0.18 0.31 £0.03 0.52 +0.15 7.00 +£1.91
_ Exp. 112 10.92+0.11 13.49 £0.07 3.27+0.19 0.81 £0.00 3.35+0.23
Pyrite
(FeS2)
Exp. Il 0.00 0.18 +0.29 0.00 - -
Exp. IV 13.33 +0.10 14.63 +0.16 9.30 £0.01 0.91 +0.00 1.45 +0.01
Exp. V 0.00 0.04 £0.05 0.00 - -
Exp. IL1 3.83 £0.10 3.96 +0.03 2.64 +0.01 0.97 £0.03 1.45 +0.04
Thio-
sulfates  Exp. IL.2 12.86 £0.12 15.96 +0.14 0.78 +0.43 0.81 +0.01 19.39 £10.50
(S203)
Exp. IV 11.38 +0.02 15.45 +0.05 2.10 +£0.05 0.74 £0.00 5.43 +0.13

*Values are after 72 days of incubation for exp. I and 66 days for exp. II.1, while values for exp. IL.2, III, IV, and
V are after 27 days of incubation.

bSulfates concentrations, and therefore the calculated ratios, have been adjusted by removing the amounts of
sulfates detected in the abiotic controls.
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Moreover, the previous reaction also explains the increase in ANO3;/ANO; ratio. Thiosulfates
should be an easier source for complete denitrification, reducing of nitrates directly to nitrogen
gas. However, the detection of nitrites in the controls with bacteria and only thiosulfates (Table
3.2 and Figure 3.3) could mean that 7. denitrificans not always metabolizes thiosulfates to
nitrogen gas. Still, we observed differences between exp. II.1 and I1.2. The detection of nitrites
was especially high in exp. II.1, where the ANO3/ASO4* ratio (0.97 £0.03) was also higher
than the theoretical ratio of equation 5. While, in exp. 1.2, the production of nitrites was
negligible and the ANO3/ASO4* ratio (0.81 +£0.01) matched the theoretical ratio. Therefore, a
transformation of nitrates to nitrites could have occurred independently of the oxidation of

thiosulfate in exp. II.1 [14], or the bacteria could have used an alternative route [23]:
25,05~ + 8NO3; + 2H,0 — 4S0;~ + 8NO; + 4H* (6)

Moreover, in the case of mackinawite, the reduction of nitrates and production of sulfates
followed a very similar tendency to the controls with only bacteria and thiosulfates (Figure 3.3).
Especially in exp II.1, the curves were identical. Therefore, we cannot assure here that the

sulfates detected belong to the oxidation of mackinawite or thiosulfates.

Similar results were obtained with pyrite. The addition of thiosulfates made the bacteria grow
initially. Yet, we could not point out if they switched and grow also using pyrite. In exp 11.2,
identical ANO3/ASO4* ratios of ~0.8 were observed for the pyrite samples and the thiosulfates
controls (Table 3.2). The only difference between the controls and the samples was the amounts
of nitrites detected. When growing with pyrite and thiosulfates the production of nitrites was
much higher (Figure 3.3 and Table 3.2). This could indicate oxidation of pyrite in these
conditions [10]. However, as we have discussed before, the production of nitrites was variable
when using only thiosulfates. This could not assure that the nitrites observed are due to
thiosulfates or pyrite metabolism. Indeed, in exp II.1, the production of nitrites was much lower
for the pyrite samples than for the controls with thiosulfates (Figure 3.3). Moreover, exp II.1
was the only one where the ANO3/ASO4* ratio was not identical to the thiosulfates control
ratio. Here, the ANO3/ASO4? ratio was 0.52 +0.15, due to a lower consumption of nitrates or a
higher production of sulfates (Figure 3.3). However, the oxidation of pyrite usually involves

higher consumptions of nitrates having ANOs/ASO4* ratios above 1 [10], [14], [24]:

5FeS, + 14NO; + 4H* — 5Fe?* + 10S0;~ + 7N, + 2H,0 (7)
5FeS, + 15NO; + 10H,0 — 5Fe(OH); + 10507~ + 7.5N, + 5H™ (8)
FeS, + 7.5NO; + 3.5H,0 —» Fe(OH); + 2502~ + 7.5NO; + 4H* 9)

128



3.1 Oxidation of mineral sulfur phases

Also, the last of the three equations presented above suggest a total oxidation of pyrite. Iron

determination brought some insight to the total oxidation of pyrite.

Figure 3.4. Visual appearance and complementary secondary electron micrograph of the cultures with pyrite and
thiosulfates (Exp II.1) and abiotic controls with pyrite and thiosulfates. Images of the cultures were taken right
after manual agitation. SEM images are accompanied by EDS spectra of the areas indicated with numbers.

Although, the previous evidence pointed towards only an abiotic oxidation of pyrite, an increase
in the turnover iron(Ill)/iron(I) was observed in the samples with thiosulfates and pyrite
(Figure S 3.1). In the controls, we mostly measured Fe?* on pyrite particles during the whole
experiment, while in samples we detected increase in Fe**. Moreover, the measurement of iron

from pyrite in thiosulfate amended experiments was difficult. Over the incubation time, the
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pyrite clustered together and, even with manual agitation of the bottles no particles went into
solution (Figure 3.4). This could suggest that the biomass produced thanks to the oxidation of

thiosulfates created a “biofilm” around pyrite facilitating the oxidation [25].

Complementary, SEM analyses, however, did not identified bacteria growing on the surface of
the pyrite (Figure 3.4). Some aggregates with different composition to pyrite were observed,
but they were also detected in the controls (Figure 3.4). Some of the elements detected: copper,
magnesium, phosphorous, are part of the 113-medium composition. Precipitates from the
medium compounds is possible. Other elements like osmium, are residual from the sample
fixation protocol. Therefore, these aggregates are not consequence of bacterial activity. Maybe
the biomass produced during growth was enough to aggregate the pyrite particles in solution
but did not resist the fixation protocol. Moreover, prior work has shown that although T.
denitrificans can colonize pyrite surface, most of the cells remained free-living in solution, but

that both may interfere in the process of pyrite oxidation [26].

On the contrary, the biofilms originated around elemental sulfur particles were clearly identified

by naked eyes in all sulfur samples, and they survived the fixation protocol (Figure 3.5).

Figure 3.5. Secondary electron micrograph of the fixated sulfur sample (Exp. 1) with corresponding EDS spectra.
The areas where the EDS analyses were performed are indicated with numbers.

We conducted a following experiment (Exp. V), where we increased the initial concentration
of bacteria cells, but we did not add an extra sulfur source. An initial higher biomass could have
a similar effect than the supplementary sulfur source in the oxidation rates of pyrite. However,

in these conditions we did not observe production of sulfates different to that recorded for
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abiotic controls (Figure S 3.2). The biomass here may not have been as active as in the previous

experiment, or the incubation time was too short (30 days compared to 66 days).

Anoxic conditions are ideal to prevent abiotic oxidation of sulfur species but, maintaining an
oxygen-free solution may be challenging in the conservation field. Therefore, we also tried to
carry out the oxidation of these compounds in presence of oxygen. Similar conditions as

discussed above were conducted.

Figure 3.6. Concentration over time of nitrates, nitrites, and sulfates in presence of T. denitrificans (closed
symbols) or abiotic controls without bacteria (open symbols), in oxic experimental set-ups (Exp. III and IV) for
the different mineral sources under study: elemental sulfur, mackinawite, and pyrite. In experiments with
thiosulfates, sodium thiosulfate control is included. Error bars show standard deviation of two or three replicates.
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Without an additional sulfur source, in presence of oxygen only elemental sulfur was oxidised
by the bacteria (Figure 3.6). Moreover, the oxidation was using the dissolved oxygen present

in solution not the added nitrates (Table 3.2) [2]:
Sy + 150, + H,0 - +S0;™ + 2H" (10)

The previous reaction is more favourable than oxidation coupled to denitrification. Equation 10
has a AG° of -587.1 kl/reaction, while oxidation with nitrates has a AG® of -547.6 kJ/reaction
[2]. Moreover, no sulfates were detected in the abiotic controls. Therefore, all sulfates detected
were produced due to the bacteria metabolism, and elemental sulfur was stable in the
experimental conditions without bacteria. This is interesting towards a future application, as no
nitrates would be needed and no secondary compounds, such as nitrites produced. Nitrates are
a concern in wastewater treatment, where the use of reduced sulfur has already been suggested
a possible remediation [27], [28]. Moreover, nitrites are regulated due to health risk potential

[29]

The addition of thiosulfates in oxic conditions showed that the oxidation of thiosulfates was
mostly via denitrification even in presence of oxygen (Figure 3.6). Only a slight reduction in
the consumption of nitrates was registered (Figure 3.6 and Table 3.2). Overall, very similar
results were obtained with regard to exp. I.2. Again, mackinawite samples and thiosulfate
controls presented a consumption of nitrates almost identical, while the production of sulfates
was higher for mackinawite samples suggesting possible oxidation of the mineral (Figure 3.6).
For pyrite samples in this case, the consumption of nitrates was higher than in the thiosulfates
controls, but we observed a very high production of nitrites (Figure 3.6). The high
nitrates/nitrites conversion could explain this increased consumption of nitrates, especially

since the production of sulfates was the same (Table 3.2).

In general, elemental sulfur was clearly metabolized by the bacteria in all conditions.
Mackinawite, on the contrary, was only clearly oxidized by 7. denitrificans in exp. I (anoxic
conditions without any extra sulfur source). In oxic conditions, the oxidation was in the same
range as in the controls. With an extra sulfur source, the oxidation of mackinawite seemed to
have occurred as well, but it was difficult to assure that the extra sulfur source increased the
oxidation rates of the mineral. The oxidation of pyrite to sulfates by 7. denitrificans was not
clear in any condition. Without an extra sulfur source, the sulfates produced were due to abiotic
oxidation. In thiosulfate-amended cultures, production of sulfates matched the expected

production for oxidation of thiosulfates (Table 3.2). Only in Exp. II.1, we observed higher
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production of sulfates than expected. But the reduction of nitrates was not increased. Still, in
these conditions we observed iron oxidation (Figure S 3.1). This observation is line with
previous suggestions that 7. denitrificans could oxidase the ferrous iron moiety preferentially
over the sulfide one [30]. The extra sulfates observed here could have been produced by more
accessible oxidation of the sulfide moiety once the bacteria oxidized the ferrous iron. Therefore,
of all conditions, only here we could argue nitrate-dependent oxidation of pyrite driven by 7.

denitrificans.

Oxidation of iron sulfides in presence of iron chelators

The addition of chelating agents increased the concentration of iron in solution (Figure 3.7),

which was under the detection limit in all experiments above.

Iron levels in DFOM solutions with mackinawite were the same between abiotic controls and
samples with the bacteria. In both cases we measured concentrations of total iron of ~160-180
uM, after the incubation time. On the other hand, with pyrite, in presence of DFOM, and T.
denitrificans the concentrations of iron in solution reached higher values than in abiotic
controls. Maximum concentration detected was of ~135 uM in controls, and ~220 pM in
bacterial cultures. These differences pointed towards a synergic effect between DFOM and T.

denitrificans.

EDTA abiotic controls presented higher concentration of iron than the samples with bacteria,
in the case of mackinawite. With pyrite, iron concentration in solution was similar between
samples and controls (Figure 3.7). EDTA had a different effect on mackinawite than on pyrite
dissolution. The concentrations of iron detected in solution were between 190 to 270 uM in
mackinawite samples and controls, respectively, while concentrations of only ~45 uM were
detected with pyrite samples and controls. DFOM was more efficient in solubilising pyrite than
EDTA in the experimental conditions, while closer results between the two chelators were

obtained for mackinawite (Figure 3.7).

In the case of PVD, iron levels detected in solution with pyrite and mackinawite were lower
than for the other chelators used (Figure 3.7). We observed that experimental results with PVD
varied more than with the other two chelators under study. As already mentioned in the previous
chapter, the concentrations of this chelator were calculated experimentally. Also, the stability

of PVD over time could be reduced.
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Figure 3.7. Total iron and iron(Il) concentrations measured in solution over time for samples with T. denitrificans
and pyrite or mackinawite plus one of the chelating agents under study (DFOM, EDTA or PVD), compared to
abiotic controls without the bacteria. Error bars show standard deviation of two or three replicates.

The destabilization of the iron sulfide minerals via iron chelation could enhance the oxidation
of the sulfur moiety by the bacteria. A slight oxidation of mackinawite was registered. Sulfates
in abiotic controls with chelators were not detected while sulfates were present in the solutions
with bacteria for all chelators (Figure 3.8). However, the oxidation was not enhanced compared
to the previous experience without chelators. Amounts of ~0.10 to 0.25 mM of sulfates were
detected at the end of the incubation time here, while in the previous section, exp. I, we detected
~0.68 mM (Table 3.2). Moreover, sulfates production were the lowest in EDTA samples, while

they registered the highest concentrations of iron release from mackinawite.
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Figure 3.8. Concentration over time of nitrates, nitrites, and sulfates in presence of T. denitrificans and pyrite or
mackinawite plus one of the chelating agents under study (DFOM, EDTA or PVD). Controls refer to abiotic
controls with chelators. Error bars show standard deviation of two or three replicates.

Sulfates production in pyrite samples was not significantly higher than in abiotic controls for
any condition (Figure 3.8). The solubilization of pyrite by the chelators did not seem to enhance
the oxidation of pyrite by the bacteria. Only one DFOM-sample pointed towards biotic
oxidation. This sample presented high production of sulfates arriving to ~1.5 mM after the
incubation time. Moreover, ANO3/ASO4? ratio for this sample was 1.36, close to the theoretical
ratios of reactions 7 and 8. Moreover, although SEM-EDS analyses showed no colonies on the
surface of pyrite crystals (Figure 3.9), we could detect some possible oxidation on the pyrite
surface. The sulfur component was reduced, and iron and oxygen elements were increased in
some crystals, maybe due to iron oxides formation (Figure 3.9). The calculation of oxidized
iron on pyrite particles was difficult due to interferences with the total iron in solution.

However, this could point towards biological oxidation of pyrite in this sample. The other
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DFOM-pyrite samples had around the same sulfates levels as the controls, giving the high
standard deviations observed (Figure 3.8). Concentration of sulfates registered in EDTA
samples were the same as in controls proving abiotic oxidation. PVD samples did not show
either decrease in nitrates, and sulfates production were not significantly different to the

controls (Figure 3.8).

Overall, the addition of a chelator agent promoted the dissolution of both pyrite and
mackinawite. The dissolution, however, did not enhance the oxidation of the sulfur moiety.
With mackinawite similar sulfates values as the experience above, without chelating agents,
were detected. In mackinawite samples, the addition of ferric iron should not increase oxidation
as it is an acid-soluble iron sulfide [1], [12]. In pyrite samples (except one), sulfate
concentrations were the same in samples with the bacteria and chelators, abiotic controls with
chelators and abiotic controls without chelators. Therefore, the presence of chelated iron did
not promote either oxidation of pyrite. Pyrite oxidation is catalysed by Fe*" ions in certain
conditions [12]. Iron needs to be soluble for the oxidation to occur. That is why the hypothesis
suggests the existence of acidic micro niches or chelating agents [13]. Recent work suggests
that in anoxic and neutral pH, the oxidation of pyrite is possible with a redox potential higher
than +200 mV, as for some cellular components [25]. But, redox potential of the iron-complexes
formed here are lower than +200 mV [31], [32], as discussed in chapter 2. The formed iron-

complexes may actually prevent the iron ions to participate in redox reactions [31].

Figure 3 9. Secondary electron micrograph of the fixated DFOM-pyrite sample with correspondent EDS spectra.
The areas where the EDS analyses were performed are indicated with numbers.
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Conclusion

T. denitrificans is a well-known sulfur-oxidising bacterium. In this study, it was able to oxidise
elemental sulfur under all the experimental conditions. The capability of T. denitrificans of
solubilising elemental sulfur to sulfates is promising for its removal in waterlogged wood
artefacts. Moreover, the possibility of using oxygen as electron acceptor reduces the use of
nitrates and the accumulation of nitrites. However, the oxidation of mackinawite and pyrite was
not as efficient. Mackinawite was oxidised under anoxic conditions, but the oxidation rate was
very slow. The addition of an extra sulfur source or a chelating agent did not improve the
oxidation rates for mackinawite or pyrite. In fact, pyrite oxidation was not clearly detected in
the experimental conditions. Only, under some conditions some oxidation of the iron phase was
observed, but the production of sulfates was always similar to the abiotic controls. In general,
the biological oxidation of pyrite is challenging in circumneutral pH and deeper studies are
needed. The use of an iron- and sulfur-oxidising consortium could enhance the oxidation of

pyrite allowing to develop practical applications.
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Supplementary material 3.1

Table S 3.1. Composition of 113. Thiobacillus denitrificans medium (© 2017 DSMZ GmbH).

113 medium
Solution A
KH2PO4 2g
KNO:s 2g
NH4Cl lg
MgSO4:-7H20 or MgClz-6H20 0.8g/0.66¢g
Trace element solution SL-4 2mL
H>04 960 mL
Adjust pH to 7.0 with NaOH

100% N2 gas atmosphere. Autoclave

Solution B
Na2S203-5H20 5g
H20q 20 mL

100% N2 gas atmosphere. Autoclave

Solution C
NaHCO:s lg
H204 20 mL
80% N2and 20% CO2 gas atmosphere. Filter-sterile

Solution D
FeSO4-7H20 2 mg
H20q 1 mL

100% N2 gas atmosphere. Autoclave

Appropriate amounts of solutions B, C and D are added to the sterile solution A.
Note: A small amount of white precipitate forms after autoclaving, but this has no negative
effect on growth.
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Table S 3.2. Composition of trace element solution SL-4 (14. Clostridium formicoaceticum medium

(© 2015 DSMZ GmbH)) and modified version.

Trace element solution SL-4

Nax-EDTA 05g
FeSO4 TH20 02¢g
ZnS04-7TH20 0.lg
MnCl2-4H.0 0.03¢g

H3COs 03g

CoCl2'6H20 02¢g
CuCl2-2H20 00lg
NiClz-6H20 0.02¢g

Na:MoOs-2H20 0.03¢g
H>04 1000 mL
Adjust pH to 7
Modified trace element solution SL-4
ZnCl2 0.05¢g
MnCl2-4H.0 0.03¢g
H3COs 03g

CoCl2'6H20 02¢g
CuCl2-2H20 00lg
NiClz-6H20 0.02¢g

Na:MoOs-2H20 0.03¢g
H>04 1000 mL

Adjust pH to 7
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Figure S 3.1. Iron(lll)/iron(Il) concentration ratio over time measured in pyrite particles incubated with T.
denitrificans or without bacteria (abiotic control) in experimental set-up I1.1. Error bars show standard deviation
of two or three replicates.
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3.1 Oxidation of mineral sulfur phases

Figure S 3.2. Concentration over time of nitrates, nitrites, and sulfates in presence of pyrite and ~1x10° cells-mL
Lof T. denitrificans or abiotic control, in anoxic experimental set-up (Exp. V). Error bars show standard deviation
of two or three replicates.
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3.2 Biological oxidation of sulfur compounds in wood

Abstract

In this study, we evaluated the capacity of the bacterium Thiobacillus denitrificans to transform
synthesised sulfur compounds commonly in waterlogged wood mock-ups, to more readily
extractable compounds thereby eliminating the threat of degradation. First, oak samples,
impregnated with a solution containing iron(II) and sulfides, were used to assess the efficiency
of the bacterial treatment. Before treatment, mackinawite (FeS) and mineral sulfur (a-Sg) were
detected in the impregnated wood. After treatment with 7. denitrificans, even though some
elemental sulfur remained in the sample, the predominant phase corresponded to oxidized sulfur
compounds. This demonstrates that 7. denitrificans was able to use the reduced sulfur
compounds present in the wood samples as an energy source, producing more soluble oxidized
sulfur compounds. In addition, non-invasive techniques such as FTIR spectroscopy, showed no
negative effect on the wood after the treatment in comparison with the reference-impregnated
wood. This first trial demonstrated the feasibility of a biotechnological procedure for the
preventive extraction of sulfur species from WAW. In a second step, we tried to improve the
application protocol varying the cell concentration, the electron acceptor and the buffer agent.
In this case, impregnated balsa wood model samples showed similar results to oak samples,
indicating compatibility with different types of wood. However, the change in experimental

conditions did not improve the extraction efficiency.

Introduction

Waterlogged environments can promote the preservation of archaeological wooden artefacts,
as the burial conditions are advantageous, i.e. places where the wood decay is limited [33].
However, sulfur species are formed in the wood as a consequence of the metabolic activity of
sulfate-reducing bacteria (SRB). In anoxic sulfate-rich environments (i.e., seabed), with wood
as carbon and energy source, SRB produce hydrogen sulfide. Inside the wood, the concomitant
presence of contemporary iron pieces, that corrode and generate iron ions, leads to the formation
of iron sulfides that accumulate in the wood [34], [35]. Upon exposure to oxygen, damaging
compounds can be formed. On one hand, the oxidation of iron sulfides under high levels of
relative humidity leads to the formation of sulfuric acid, responsible for the degradation of the
wood cellulosic compounds by acid hydrolysis. Moreover, mechanical damage of the wood
structure is also observed due to a physical swelling during the transformation of elemental

sulfur or sulfides to hydrated sulfate salts [36], [37]. On the other hand, iron itself is responsible
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for the catalysis of different reactions such as oxidative degradation of cellulose and oxidation
of sulfur compounds, accelerating the production of acids [38]. In consequence, sulfur and iron
accumulation within WAW is a matter of concern for long-term preservation of this valuable

cultural heritage [7].

Mild biological oxidation processes could be explored for the extraction of insoluble sulfur
phases from WAW. The use of bacteria is extended to mobilise metals [39], [40]. Moreover,
some specific bacteria, like the above studied chemolithotroph Thiobacillus denitrificans, are
able to grow using sulfur compounds as energy source at neutral pH [17], [41], allowing their
application in the wood matrix. 7. denitrificans has been previously studied for the use of this
metabolism in different applications, such as the treatment of wastewater [14], [42]. Also, it
was proposed for the preservation of waterlogged wood [16]. However, the aim was to
determine if 7. denitrificans was able to grow with mineral phases containing up to 10% pyrite

and no further experiments with wood samples were reported.

Our goal is to develop a green and sustainable extraction method that would specifically remove
sulfur compounds while maintaining the physical structure, chemical stability, and aesthetic
appearance of waterlogged wood heritage. In this study, we used different analytical techniques
to assess the feasibility of a preventive biotechnological treatment for the extraction of sulfur

compounds from archaeological wood.

3.2.1 Proof of concept

Materials and methods

Model samples

Oak (Quercus sp.) was employed to reproduce the characteristics of waterlogged wood. Oak is
widely found in archaeological discoveries. Different oak samples were prepared with the
following dimensions: 1x1x1 c¢cm?as cube and 4x1x0.1 cm?as transversal and longitudinal
slices. Each sample was first autoclaved at 121 °C for 15 min. After, the samples were
impregnated with iron sulfides by immersing them in 1 L iron(II) chloride tetrahydrate (0.5 M
FeCly-4H>0) solution under vacuum (-600 mbars) for 4 h. The samples were dried overnight at
45 °C. Afterwards, the samples were immersed in a solution of hydrated sodium sulfide (0.5 M
NaxS-nH>0) under vacuum (-600 mbars) for another 4 h. The impregnated samples were kept

inside Anaerocult® A mini (Merck, Germany) bags to prevent oxidation.

143



Chapter 3 BIOLOGICAL OXIDATION OF SULFUR SPECIES

Bacteria and culture conditions

Thiobacillus denitrificans (NEU 1109) was obtained from the culture collection of the
University of Neuchatel, Switzerland. The strain was cultivated using standard anaerobic

techniques at 30 °C using medium 113 (2010 DMSZ).

Oxidation experiments

Experiments were conducted in glass serum bottles sealed with butyl rubber stoppers and
flushed with CO2/N> (20/80%) at 30 °C in agitation (150 rpm) for 7, 14 and 28 days. Each bottle
was previously autoclaved at 121 °C for 15 min. The extraction medium consisted of a modified
113 medium (DSMZ, 2010). In the modified medium all the sulfur and iron compounds were
removed. The final composition of the modified medium was: 15 mM KH;PO4, 20 mM KNOs3,
19 mM NH4Cl, 3.2 mM MgCl-6H>0, 30 mM NaHCOs3, and 2 mL of SL4 oligo-elements
solution. The pH was adjusted to 7 (with the addition of 1 M NaOH). NaHCO;-5H>O was
sterilized by filtration under a gas mixture atmosphere, CO2/N> (20/80%), and then added to
the autoclaved medium under 100% N> gas atmosphere. The bottles were filled with 50 mL of
extraction medium and four impregnated wood samples (2 cubes and 2 slices). 7. denitrificans
was then inoculated from an overnight pre-culture to a final volume of 1% (v/v). Negative
controls without bacteria were carried out to evaluate the possible interaction of the medium
with the wood substrate. Wood impregnated with iron sulfides but not incubated with bacteria
was considered as reference. Experiments and controls were performed in three independent

replicates.

Analytical methods

Environmental scanning electron microsco ESEM) - Energy-dispersive X-ra

spectroscopy (EDS)

A Philips ESEM X130 FEG environmental scanning electron microscope equipped with an
energy-dispersive X-ray analyser was used to obtain high-resolution images and to determine
the elemental composition of the samples. Observations were performed on thin cross-sections
obtained with a scalpel from the surface and inner part of wood cubes. The observations were
performed at 65-70% RH, low pressure (4 Torr) and a voltage of 20 kV. Samples were placed

on a Peltier plate cooled to 4 °C.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) analysis was conducted to assess the risk of the

microbiological treatment for the wood substrate. FTIR spectra were obtained with a Nicolet
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iS5 Thermo Fisher™ spectrophotometer (Thermo Fisher Scientific, United States) equipped
with a diamond Attenuated Total Reflectance (ATR) crystal plate (iD5S™ ATR accessory) at
ambient temperature. Measurements were performed directly on the surface of fresh, reference
(impregnated), treated and control wood samples. Average spectra from 32 scans were collected
in the range of 400 to 4000 cm™ with a 4 cm™! spectral resolution. Spectra were analysed using
OMNIC™ software (Thermo Fisher Scientific, United States). In order to evaluate the eventual
wood degradation, the intensity ratios between lignin absorbance band (1505 cm!) against
carbohydrates absorbance bands (either 1368, 1157 or 897 cm™!) were calculated. These bands
are assigned respectively to aromatic skeletal vibration in lignin, C—H deformation in cellulose
and hemicellulose, C—O—C vibration in cellulose and hemicellulose and C—H deformation in
cellulose [43]. ANOVA tests were then performed to evaluate significant differences between

the calculated ratios.

lon chromatography (IC)

For the determination of the concentration of sulfates (SO4*), nitrates (NO3"), nitrites (NO2")
and other anions present in the extraction media, 20 mL of medium were collected after 7, 14
and 28 days of incubation. The samples were then centrifuged 10 min at 9000 rpm and the
supernatants were filtered at 0.22 um (Millipore, United States) to remove residual particulate
matter. Filtered samples were diluted (5 times to 10 times) and analysed with an ion
chromatograph Dionex ICS 1600 (Thermo Fisher Scientific, United States) equipped as
described in section 3.1. Data was analysed with the Chromeleon™ software (Thermo Fisher

Scientific, United States).

pH measurements

During experiments with 7. denitrificans, pH was measured at the surface of the wood using a
PHM210 standard pHmeter (Radiometer analytical). pH measurements were performed with a
surface electrode (Sentix Sur, WTW) calibrated using pH 4.00 and pH 7.00 buffer solutions
(VWR, United States).

Raman spectroscopy

To identify the iron and sulfur compounds present in the wood samples Raman
microspectroscopy was performed on the surface and inner part of wood cubes as well as on
transversal and longitudinal wood slides. Micro-Raman experiments were carried out with a
Jobin Yvon High Resolution Raman spectrometer (Horiba Ltd., Japan) with a microscope and
a Peltier-based cooled charge-coupled device detector. The spot diameter under the 50x

objective was set at 3 um. The laser power was filtered down to 0.1 mW to avoid any
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transformation of the matter by heating, and spectra were recorded at 0.2 cm! resolution with
an excitation wavelength of 632.82 nm. The spectrograms were analysed using LabSpec5
software (Horiba Ltd., Japan). The obtained spectra were compared to reference spectra of

mineral sulfur, mackinawite and vivianite.

Synchrotron-X-ray fluorescence (Sy-XRF)

A synchrotron source was used to distinguish different sulfur oxidation states. The In-situ X-
ray fluorescence measurements were conducted at the micro-focus spectroscopy beamline 118
at the Diamond Light Source (Harwell, United Kingdom). Sy-XRF maps were collected on
cross-sections obtained with a scalpel from wood cubes. Sy-XRF mapping was performed by
scanning the external wood surface at the energies of 2475, 2482, 3000 eV in order to detect
respectively reduced, oxidized and total sulfur. The following parameters were used: 60 x 800
um area with 5 rows, 2 um step size and 60 s per point (dwell time of 0.149 s). An attenuator
“2m Sn” was used. During analyses, samples were placed under inert atmosphere (helium bag)
on a plate oriented at 10 degrees to the incoming beam. The results were analysed by free

PyMca software.

X-ray diffraction (XRD)

XRD was employed to analyse the crystalline phases in the mineral concretions adding
information to the Raman studies. Freshly cut slices from wood cubes were placed directly on
the diffractometer with an incidence angle of 5° to the X-ray beam. The experiments were
conducted by an INEL Equinox 6000 diffractometer, using CoKa wavelength (A = 1.7903
Angstrom) provided with a 90° curve detector. A voltage of 40 kV and an intensity of 40 mA
were applied. The acquisition time was 30 minutes. The diffraction patterns obtained were

elaborated with Eva software.

Results and discussion

Oxidation experiments

ESEM-EDS analyses of the reference-impregnated wood showed that the outer surface was
covered by aggregates composed by sulfur and iron (Figure S 3.3). However, ESEM-EDS
analyses of the wood inner part revealed the presence of iron and sulfur, but no precipitates
were observed (Figure S 3.3). This suggested that the impregnation solution reached the inner
part of the cubes and, probably that the elements in the solution formed organosulfur or iron-
binding compounds with the wood components. Indeed, Sy-XRF maps showed iron along the

wood, while sulfur was mostly present on the surface. Wood samples were first impregnated
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with the iron-containing solution. This may have prevented the efficient penetration of the
sulfur-containing solution afterwards, avoiding the formation of iron sulfides in the inner part
of wood samples. Raman and XRD analyses confirmed the formation of sulfur compounds in
the outer layer of the wood samples. In particular, mineral sulfur (a-Sg) was detected as spheres
(Figure 3.10) and the respective Raman spectra were characterized by vibrational bands at 151,

220 and 473 cm! (Figure 3.10) characteristic of mineral sulfur [44].

Figure 3.10. (a) ESEM image obtained from reference wood showing spherical aggregates and (b) corresponding
Raman spectrum (continuous line) and reference spectrum of elemental sulfur (a-Ss) (dashed line). (c) Raman
spectra obtained from reference wood showing the presence of partially oxidized mackinawite (M) and a mix of
mackinawite and greigite. Adapted from [45]. © 2018 Elsevier Ltd.

Partially oxidized mackinawite (FeS: Fe(Il)iaxFe(Ill)2xS) was also identified with
corresponding characteristic Raman shifts at 247, 310, 314 and 349 cm™ (Figure 3.10) [46]. It

is worth mentioning that mackinawite can be detected by Raman spectroscopy in three different
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states: nanocrystalline mackinawite, well-crystallized mackinawite and partially oxidized
mackinawite. The latter state is characterized by the presence of Fe3* ions inside the crystal
structure [46]. As well, it seemed an oxidation process from partially oxidized mackinawite to
greigite (FesS4: Fe(Il)Fe(I11)2S4) had occurred. Indeed, we observed a shift with respect to the
mackinawite vibrational bands toward those corresponding to greigite (350 and 365 cm!) at
319, 335 and 376 cm™! (Figure 3.10). No further oxidation products, such as iron oxides were
identified [20]. Regarding XRD analyses, mackinawite was also observed. However, on the
contrary to Raman spectroscopy, the different states of mackinawite mentioned above cannot
be differentiated by XRD measurements [20]. Hence, it was assumed that mackinawite detected
during XRD analyses was also in a partially oxidized state. In terms of wood degradation, the
impregnation protocol appeared to be efficient as the wood composition was modified after

samples were immerged in iron(II)- and sulfide-containing solutions (Figure S 3.4).

However, pyrite was not identified in our model samples. This compound has been detected in
archaeological waterlogged wood [20], [47]. For example, some samples from the Mary Rose
presented one third of the total reduced sulfur in form of pyrite [48]. According to Rémazeilles
et al. (2013), pyrite is formed from mackinawite, via greigite, under certain conditions (i.e.,
constant supply of sulfur). In this process of oxidation from mackinawite to pyrite, partially
oxidized mackinawite may be formed. This was the main iron sulfide compound detected by
Raman spectroscopy in our samples. However, the detection of a mix between partially
oxidized mackinawite and greigite (Figure 3.10) may be a side effect due to the slight oxidation
of the samples during Raman analyses that were conducted under oxic conditions. In fact,
mackinawite is solely predominant in anoxic conditions as is an oxygen-sensitive phase [49].
Moreover, Rémazeilles et al. (2013) also described that partially oxidized mackinawite in
contact with the atmosphere can be transformed to mineral sulfur, which was actually quite

recurrent in the samples analysed here (Figures 3.10 and 3.14).

The formation of mineral sulfur and partially oxidized mackinawite in the model samples
allowed the study of the biological oxidation process by 7. denitrificans. T. denitrificans was
selected in this study for its ability to oxidize pyrite in a nitrate-dependent reaction [14].
Moreover, T. denitrificans can be motile due to a polar flagellum [50], allowing its development
along the wood fibres and pores. The growth of bacteria inside the wood is one of the challenges
of this biotechnological conservation method. Bacteria should be able to reach iron sulfides that
are formed in the inner part of wood. Delivery systems, such as gels, have been previously

considered in bioconservation [51]-[53]. These systems could allow the movement of the

148



3.2 Biological oxidation of sulfur compounds in wood

bacteria. However, tests are needed to ascertain if they would allow the bacteria to go deep into
the wood structure. Moreover, WAW is stored wet to prevent the wood structure from drying
and collapsing. Thus, tests would also be required to establish if the humidity in the delivery
system is enough to maintain the wooden objects wet. In this first experiment, the application

of the bacteria was done finally in liquid media.

Thin cuts of the wood cubes incubated with 7. denitrificans were used to observe the bacterial
growth along the wood. ESEM images showed the colonization of bacteria in the wood pores
and along the wood fibres suggesting that this bacterium was able to grow using the sulfur and
iron compounds formed during the previous impregnation of wood (Figure 3.11). However,
only superficial cuts were produced. A deeper investigation is needed to assure that the bacteria
can reach, at least, a depth of few cm within the wood. Sulfur and iron accumulation has been

detected specially in the first few centimetres of larger wooden objects [47].

In this case, no post-treatment was conducted to remove the bacteria from the wood. Remaining
bacteria could be an issue due to the potential of the introduced biomass to be used by other
microorganisms, such as fungi, which could further damage the wooden objects. Intensive
rinsing coupled to filtration systems could allow the mechanical removal of the biomass without
the need of applying biocides. In further experiments, investigations to analyse the efficient

removal of the bacteria after treatment are planned.

Figure 3.11. Envirnmental scanning electron micrographs at (a) 2480x and (b) 4960x original magnification
obtained from the wood treated with T. denitrificans. The bacterial rod-shaped cells are visible on the surface of
the wood samples. Adapted from [45]. © 2018 Elsevier Ldt.
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The oxidation state of the sulfur compounds formed was ascertained by Sy-XRF measurements.
The sulfur distribution in the recorded Sy-XRF maps was heterogeneous (Figure 3.12). In
particular, all Sy-XRF maps collected on the reference and control wood samples indicated the
presence of non-oxidized sulfur in relative high amounts (Figure 3.12). On the contrary, treated
wood samples presented a large amount of oxidized sulfur respect to control and reference
samples (Figure 3.12). The Sy-XRF maps obtained from wood samples treated with 7.
denitrificans suggested an effective transformation of the sulfur species formed during

impregnation by the bacteria.

Figure 3.12. (a) and (b) Sy-XRF maps obtained from the surface of reference wood. (c) Wood treated with T.
denitrificans. Colour legend: (a)-Red: total sulfur. Green: total iron. (b and c)- Red: reduced sulfur. Blue: sulfates.
Adapted from [45). © 2018 Elsevier Ltd.

Additionally, ion chromatography analyses confirmed the production of sulfates by T.
denitrificans. Figure 3.13 shows an increasing concentration of sulfates during the treatment of
impregnated wood with 7. denitrificans suggesting that the oxidation of sulfur is part of the
metabolism of the bacterium. Negative controls did not show any oxidation process. At the end
of the 28-days incubation time with the wood, only small quantities of sulfates were detected
in the control media (~0.03 mM), compared to the quantities measured in the media containing
T. denitrificans (4.71 mM) (Figure 3.13 and Table 3.3). On the contrary, a depletion of nitrates
was observed during the incubation time. Final concentration of nitrates was 8.65 mM (Figure

3.13), showing that 56.3% of total nitrates were reduced by the bacteria. Moreover, control
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samples showed an unchanged content of nitrates during the whole time of the experience.
Nitrites were produced during the incubation to a final concentration of 5.02 mM (Figure 3.13

and Table 3.3). Nitrites were not detected in the control.

Figure 3.13. Concentration over time of nitrates (®), nitrites (A ), and sulfates (m) in presence of T. denitrificans

or in control samples without bacteria. Error bars show standard deviation of three replicates. Adapted from [45].
© 2018 Elsevier Ltd.

Table 3.3. Mass balance of educts and products for the oxidation of iron sulfides by T. denitrificans after 28 days
of incubation. Adapted from [45].

NO; depleted SO+ produced NO: produced | ANO3;/ASOs>  ANO3/ANO:r
(mM) (mM) (mM) ratio ratio
Calculated 11.14 +1.03 4.71 £1.09 5.02 £3.34 2.49 +0.82 2.99 +2.10
Theoretical 3 1.5 1 2 3

?Values are compared to the theoretical stoichiometry according to equation 1.
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Elemental sulfur has been described as energy source for 7. denitrificans [15], [27]. Moreover,
other studies showed that mackinawite and greigite were also used by 7. denitrificans [24].
Indeed, these phases are more easily attacked by bacteria than more stable compounds such as
pyrite [54]. In the present study, partially oxidized mackinawite was not detected in treated
wood, but mineral sulfur was found in both control and treated wood samples (Figure 3.14).
This suggested that the bacteria used here partially oxidized mackinawite as more accessible
energy source [10], [55]. The differences observed with the previous section could be due to
the stability of the phases formed here. The synthesised mackinawite must have been more
reactive than the purchased mackinawite of previous section. Nitrites accumulation points
towards partially reduction to nitrites. The main reaction expected for this process is the

equation already discussed in previous section (Equation 1):
1.5FeS + 3NO; + 2H* — N, + NO; + 1.5Fe?* + 1.5502~ + H,0 (1)

Sulfate and nitrate concentrations obtained from ion chromatography allowed to calculate a
ANO3/ASO4? ratio of 2.49 £0.82 (Table 3.3). The ANO3/ANO> ratio was 2.99 £2.01. Overall,
the calculated ratios were close to the expected ones in reference to equation 1 (Table 3.3). The
hypothesis would be that the bacteria used the available nitrates to oxidize iron sulfides (FeS)
formed during the impregnation protocol. Therefore, this equation is suggested as the main
reaction happening. However, Bosch et al. 2012 observed that when FeS; was used as electron
donor T. denitrificans performed partial denitrification with the accumulation of nitrites. While,
with mackinawite as electron donor, these authors observed a reduction of nitrates to nitrogen
gas, with negligible production of nitrites. Still, as seen in the previous section with mineral
phases, we have also observed partial denitrification when using mackinawite and other sulfur

phases as energy source.

Moreover, partially oxidized mackinawite was not detected in the wood treated with T.
denitrificans whereas this compound is present in control wood samples (Figures 3.14).
Nevertheless, mineral sulfur was detected in both, treated and control wood samples (Figures
3.14). In addition, compounds that were not present in the reference-impregnated wood were
observed on treated and control wood samples. In particular, ESEM-EDS micrographs of the
wood showed granules along the wood fibres that contained phosphorus (Figure 3.14). Micro-
Raman and XRD confirmed that these structures corresponded to an iron phosphate vivianite
(Fe3s(PO4)2-8 H20) (Figure 3.14). In particular, Raman spectra showed an intense and sharp
peak at 954 cm™! and weak bands around 460, 580, 1020, 1055 cm™! corresponding to vivianite

[56]. This compound was only detected in treated and control wood samples. This result

152



3.2 Biological oxidation of sulfur compounds in wood

suggested that the formation of vivianite was an abiotic reaction due to the presence of

phosphates in the growth media as KH2POs.
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Figure 3.14. (a) Raman spectra of the control wood where mackinawite (M) was detected. (b) XRD of the control
wood with rays for mackinawite (M) and mineral sulfur (a-Ss). (c) Raman spectra showing the presence of mineral
sulfur in control sample (dashed line) and reference spectrum of elemental sulfur (a-Ss) (continuous line). (d) XRD
diffractogram showing rays of sulfur (a-Ss) for the wood treated with T. denitrificans. Adapted from [45]. © 2018
Elsevier Ltd.

Microorganisms have certain requirements for their growth. For future research, it is important
to take into account the chemical composition of the growth medium, as undesired secondary
compounds may be formed. Indeed, vivianite was only found in the control and treated wood
samples (Figure 3.15). This suggested that the formation of this compound is an abiotic reaction
between Fe?" and PO4* from the culture medium. Vivianite is not commonly reported in wood
remains. However, it is identified in waterlogged soils and iron artefacts [57]. This compound

could also cause issues in the preservation of archaeological wood as it is a source of iron, even
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though it has been described as an interesting mineral for the stabilization of archaeological
iron [58], [59]. In fact, iron itself can cause severe wood degradation as it initiates and catalyses
oxidation processes of cellulose with Fenton-type reactions occurring [60]. Thus, the polymeric
chains of PEG used for the wood consolidation can be degraded in the same way by iron ions.
Therefore the presence of iron compounds in PEG-consolidated wood can compromise the

long-term stability of wood artefacts [61].

Figure 3.15. (a) ESEM image of treated wood. (b) Corresponding EDS spectrum. (c) Raman spectra obtained
from control wood (dashed line) and wood samples treated with T. denitrificans (continuous line) with peaks
related to vivianite (V). (d) XRD spectra from control wood (grey) and treated wood (black) with rays related to
vivianite (V). Adapted from [45)]. © 2018 Elsevier Ltd.
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3.2 Biological oxidation of sulfur compounds in wood

Risk evaluation

In parallel to the characterization of sulfur and iron species present before and after treatment
with 7. denitrificans, FTIR and pH measurements were performed to evaluate the impact on
the wood substrate of the microbiological treatment. Indeed, the biological oxidation of iron
sulfides presents several challenges that need to be addressed in order to be adequate for
archaeological wood conservation. In a previous study 7. denitrificans has been suggested as a
potential candidate for biological remediation of waterlogged wood [16]. However, this study
reported preliminary experiments and thus was not further validated on model wood samples.
Biological transformation of sulfur minerals have been widely explored in acidic and aerobic
conditions [62]-[64] but such conditions cannot be applied for wood preservation. Indeed, it is
essential that the pH remains neutral during treatment to avoid any acidification and chemical
damage on wood. To this purpose, 7. denitrificans is well known as neutrophilic bacterium [41]
and pH values measured during experiments were indeed neutral. During the 28 days of
treatment, pH measurements on the surface of the wood treated with 7. denitrificans did not
significantly change. pH values measured on the surfaces of reference wood and treated wood

samples were similar and close to 7.0.

Moreover, to the best of our knowledge, no study has yet reported its capability to degrade
wood compounds. In any case as obligate chemolithoautotrophic bacterium, 7. denitrificans
generates biomass from the fixation of CO; and this is not expected to have an incidence on the
degradation of archaeological wood. No structural changes or chemical modifications in the
wood composition were observed during FTIR analyses further than those made by the
impregnation. FTIR spectra recorded from fresh oak wood appeared to be slightly different
from the FTIR spectra obtained from impregnated, control and treated wood samples (Figure
3.16). The peak around 1733 c¢cm!, that corresponds to C=0 vibration in hemicellulose [43],
[65], [66], is indeed better defined on fresh wood samples than after impregnation and
treatment. In particular, this vibrational band was weakly detected in the FTIR spectra recorded
on treated wood samples and completely disappeared in impregnated and control wood
samples, as shown in figure 3.16. On the contrary, the peak around 1634 cm™! had a strong
absorbance in all wet samples (impregnated, control and treated wood) with respect to the fresh
wood. This peak is assigned to the O-H bend of absorbed H,O [65]-[67]. The peak around 1234
cm!, assigned to C-O stretch in lignin and xylan [65], appeared as a broad peak in the fresh
wood. However, for the impregnated, control and treated wood samples, the relative intensity

of these vibrational bands was modified. In particular, the peak at 1234 cm™! was less intense
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Chapter 3 BIOLOGICAL OXIDATION OF SULFUR SPECIES

and another peak at 1265 cm™! was better defined. Finally, peaks at 1505, 1368, 1157 and 897
cm! were detected in all FTIR spectra. These bands are respectively assigned to aromatic
skeletal vibration in lignin, C—H deformation in cellulose and hemicellulose, C—O—C vibration

in cellulose and hemicellulose and; C—H deformation in cellulose [43].
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Figure 3.16. Representative FTIR spectra of fresh wood (grey), impregnated wood (+**), control wood (---) and
wood treated with T. denitrificans (black), for the region between 1800 and 800 cm™. Adapted from [45]. © 2018
Elsevier Ltd.

In order to evaluate the wood degradation related to impregnation and/or treatment, the intensity
ratios between lignin absorbance (1505 cm™!) against carbohydrates absorbance (either 1368,
1157 or 897 cm!) were calculated (Figure S 3.4). It appeared that the impregnation had a major
impact on C—H deformation (Aisos/A13ss and Aisos/Ase7) and not on C—O-C vibration
(A1s505/A1157) with higher values observed for Ai1sos/A13es and A1s0s/Ago7 than Aisos/A11s7. This
suggested the efficiency of the impregnation to artificially age fresh wood samples that can be
then exploited as model samples simulating degraded archaeological wood. However, only
significant difference was observed for the Aisos/Ai13es between fresh wood and wet wood
samples (reference, control and treated). Regarding treatment, no significant differences were
observed before and after bacterial treatment, suggesting the innocuousness of the proposed
treatment when applied on wood substrate. These results offer promising perspectives for the

application of 7. denitrificans in the extraction of sulfur species from waterlogged wood.
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3.2 Biological oxidation of sulfur compounds in wood

3.2.2 Optimisation

Materials and Methods

Model wood samples

Balsa (Ochroma pyramidale) wood cubes with the following dimensions: 1x1x1 ¢m?, were
prepared to reproduce the characteristics of waterlogged wood. The samples were impregnated
with iron and sulfur solutions as described in section 3.2.1 for oak wood. After artificial
contamination, samples were kept immersed in Na-flushed water. Before any experimental
procedure, cubes samples were washed by ultrasonic bath until no more impregnation solution

was released.

Bacteria and culture conditions

Thiobacillus denitrificans (DSM 12475) was obtained from the German Collection of
Microorganisms and Cell Cultures (DMSZ GmbH, Germany). The strain was cultivated using
standard anaerobic techniques at 30 °C in the dark using medium 113 (2017 DSMZ).

Oxidation experiments

Experiments were conducted in glass bottles without sealing at 30 °C in without agitation in the
darkness. The oxidation medium consisted in the modified 113-medium (2017 DSMZ) where
all the sulfur and iron compounds were removed. Moreover, as phosphates from the culture
medium precipitated in the previous experience, some experiments did not include KH2PO4
(Table 3.4). In this case, the buffer agent was 15 mM HEPES. Also, not all conditions included
KNOs; (Table 3.4). Oxygen was the only electron acceptor in some of the experimental set-ups
(Table 3.4). Therefore, final media compositions were: 1) 15 mM KH>PO4, 20 mM KNO3, 19
mM NH4Cl, 3.2 mM MgCl,-6H,0, 30 mM NaHCOs3, and 2 mL of modified SL-4 oligo-
elements solution for 113 medium with phosphates and nitrates (113-PN), 2) 15 mM KH>PO4,
19 mM NH4Cl, 3.2 mM MgCl>-6H>0, 30 mM NaHCO3, and 2 mL of modified SL-4 oligo-
elements solution for 113 medium with phosphates and without nitrates (113-PO), 3) 15 mM
HEPES, 20 mM KNO3, 19 mM NH4Cl, 3.2 mM MgCl,-6H,0, 30 mM NaHCO3, and 2 mL of
modified SL-4 oligo-elements solution for 113 medium without phosphates and with nitrates
(113-HN), and 4) 15 mM HEPES, 19 mM NH4Cl, 3.2 mM MgCl,-6H20, 30 mM NaHCOs3, and
2 mL of modified SL-4 oligo-elements solution for 113 medium without phosphates and

without nitrates (113-HO).

The bottles were filled to the top and one impregnated wood cube was added in sterile

conditions to each bottle. T. denitrificans was grown for 5-7 days to obtain high cell
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concentration. Then, the cells were recovered by centrifugation and washed three time in
medium 113 without nitrates, phosphates, or any sulfur or iron source. 7. denitrificans was then

inoculated to every experiment to the final cell concentration as mention in Table 4.

Negative controls without bacteria were carried out to evaluate the possible interaction of the
medium with the wood substrate. Controls for internal accumulation of sulfur containing only
electron acceptor and 7. denitrificans, but no sulfur source, were also included. Experiments
and controls were performed in two independent replicates. Samples were withdrawn over time
for further analyses. The growth of the bacteria in solution was followed the first days of
incubation by the increase in Optical Density (OD) at 600 nm, using a UV-Vis
spectrophotometer (Lambda 25 Perkin Elmer, Unites States).

Table 3.4. Overview of the different experimental conditions for the study of the oxidation of reduced sulfur species
in model wood samples.

Exp. A Exp. B Exp. C Exp.D Exp. E Exp. F Exp. G Exp.H

Buffer agent | KH.PO4  KH.POs  KH.POs KH.POs  HEPES HEPES  HEPES HEPES

Cell
concentration | ~1x10° ~1x108 ~1x10°¢ ~1x108 ~1x10°¢ ~1x108 ~1x10°¢ ~1x108
(cells'mL™1)

Initial

itrat
pates. 20 20 ; ; 20 20 ; ;

concentration
(mM)
Oxygen yes yes yes yes yes yes yes yes
Wood 1 cube 1 cube 1 cube 1 cube 1 cube 1 cube 1 cube 1 cube
Analytical methods

Colorimetric measurements

Colour measurements were registered with a Minolta CM-508D spectrophotometer with the
following parameters: Specular Component Included (SCI), Illuminant D65 (daylight
containing UV component, colour T 6504K), d/8° geometry, 10° observer, measurement area
diameter 10 mm, illumination with Xe flashlight source 100% UV containing all UV
components or 0% UV containing no UV components, CIELab 1976 colour space. On each

wood sample, a measurement was carried out on the centre of three faces (i.e., three
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3.2 Biological oxidation of sulfur compounds in wood

measurements per cubes). Measurements were carried out on fresh, artificially contaminated,

treated and control wood samples.

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

Total iron and sulfur concentrations were determined in solution by Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES). Samples were first filtered through a 0.22
pum PVDF membrane (BGB Analytik, Switzerland) and then diluted into the detection range
(0-2 ppm). Diluted samples were loaded using a peristaltic pump, and a cyclonic spray chamber
connected to a nebulizer (Perkin-Elmer, United States) to provide high sample transfer into the
ICP. Total iron concentrations were determined using an Optima 2100 DV (Perkin-Elmer,

United States) optical emission spectrometer.

lon chromatography (IC)

For the determination of the concentration of sulfates (SO4?"), nitrates (NO3"), nitrites (NO2"),
phosphates (PO4*) and other anions, samples were filtered at 0.22 um using PVDF filters (BGB
Analytik, Switzerland) and then diluted before analysis. Dilutions were analysed with an ion
chromatograph Dionex ICS 1600 (Thermo Fisher Scientific, Unites States) equipped as
described in section 3.1. Data was inspected with the Chromeleon™ software (Thermo Fisher

Scientific, Unites States).

pH measurements

A 691 pH Meter Metrohm (Metrohm AG, Switzerland) was used to control the pH of the
solution over time with an ionic electrode (unitrode 6.0259.100) calibrated between pH 4 and
pH 7 or pH 7 and pH 9 buffer solutions. The pH of the cubes was measured with a surface
electrode (flat membrane electrode 6.0256.100), also correctly calibrated, at the beginning and

end of the experiment.

Raman spectroscopy

A Jobin Yvon Horiba™ spectrophotometer coupled with Olympus BX41 microscope (Horiba
Ltd., Japan) was used for measurements. Spectra were recorded at a wavelength of 632 nm,
hole of 800 um, slit of 200 pm, 100-2000 cm! range, filter 25%, 50xLWD objective and 5 sec
of acquisition with 10 accumulations. The spectra were processed with LabSpec® 5 software
(automatic baseline correction). Reference spectra from spectra libraries and literature were
used to identify the compounds formed. Measurements were carried out on the surface of

impregnated, treated and control wood samples.
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Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS)

Wood samples treated with 7. denitrificans and controls were rinsed after the incubation time,
and small slices were obtained using a razor blade. Wood segments were fixed at RT with 3%
(v/v) glutaraldehyde solution in 0.1 M sodium cacodylate (pH 7.2) for 3h, washed twice and
then dehydration steps were performed using different concentrations of ethanol (25%, 50%,
75%, 90%, 100% (v/v)) and then pure acetone. Finally, samples were dried in a CO;

atmosphere.

Samples were mounted on stubs using carbon conductive tape. Samples were examined under
low vacuum without coating using a Thermo Scientific™ Scios™ 2 DualBeam™ (Thermo
Fisher Scientific, Unites States) equipped with an energy-dispersive X-ray analyser (EDAX,
Unites States). Afterwards, the same samples were coated with a layer of gold using a Leica
EM SCDO050 (60 mA current, 5 cm, 5 s duration, argon gas), and examined again at high

vacuum using the same instrument.

Results and Discussion

After 30 days of incubation, balsa wood cubes treated in 113-medium with KH2PO4had a final
appearance that was similar to oak samples discussed in the section above. The same type of
yellowish precipitate was observed on the surface of the balsa cubes (Figure S 3.5), indicating
that most likely iron phosphates precipitation occurred also here. Moreover, no remarkable
visual differences were observed between the abiotic control cubes and treated cubes in any
condition (113-PN or 113-PO) (Figures 3.17 and 3.18). On the other hand, cubes incubated in
113-medium with HEPES (113-HN and 113-HO) presented a reddish colouration (Figure 16).
HEPES buffer was considered as replacement of KH>PQOy, in the growth medium, to prevent
vivianite (iron phosphate) formation. In this case, differences were observed between the wood
incubated in presence of nitrates (113-HN) or just with oxygen in the solution (113-HO) (Figure
3.17). A darker hue was noticed in cubes incubated in 113-HN, for both abiotic controls and
samples. Indeed, while colorimetric plots clustered together 113-PN and 113-PO samples, 113-
HN and 113-HO samples were plotted separately in the colour scale (L*a*b*) (Figure 3.18).
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3.2 Biological oxidation of sulfur compounds in wood

Figure 3.17. Visual appearance of the balsa wood cubes after incubation with T. denitrificans in the different
experimental set-ups. Medium 113 with KH2POq and with nitrates or without (113-PN and 113-PO). Medium 113

with HEPES and with nitrates or without (113-HN and 113-HO). For complete description of the experimental
conditions refer to the materials and methods section.

Figure 3.18. Colorimetry plots representing colour coordinates: L* (lightness/bright-dark), a* (red/green
opponent colours) and b* (yellow/blue opponent colours). Colour measurements were taken on the wood surface
of all samples after incubation with T. denitrificans or abiotic controls. The different four media are represented
by different colours. Abiotic controls and the two initial cell concentration are represented by different symbols.
Fresh balsa (Balsa Ref.) and balsa impregnated with iron sulfides (Balsa FeS) are included as references.
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Chapter 3 BIOLOGICAL OXIDATION OF SULFUR SPECIES

Although similar precipitates were observed in balsa cubes, vivianite that was detected in oak
cubes in the previous section was not registered here. Only one spectrum recorded on a 113-PN
abiotic control cube presented a peak at ~1098 cm™! that could be assigned to iron phosphates
(Figure S 3.6). Iron phosphates present strong Raman frequency ranges between 1010 and 1100
cm! related to PO3 symmetric stretch [68]. Therefore, this band could indicate formation of
iron phosphates in 113-PN medium. However, as cellulose presents a strong band at 1096 cm
1'169], and no other iron phosphates assigned bands were detected, identification was not
obvious. Complementary SEM-EDS analyses, however, showed phosphorous on the surface of

all analysed thin wood sections treated in 113-PN and 113-PO (Figures 3.19 and S 3.8).

In core sections of samples treated in 113-PN and 113-PO, sulfur was also detected (Figures
3.19 and S 3.8). In this case, Raman analysis confirmed the presence of mineral sulfur on the
wood samples (Figures 3.19 and S 3.8). Other reduced sulfur species (i.e., iron sulfides) were
not detected after treatment by Raman spectroscopy. However, some bands at 1343 and 1491
cm’! were detected in the wood treated in Exp. A (Figure 3.19). These bands can be related to

the wood substrate [69].

In samples treated in 113-HN and 113-HO, the visual appearance suggested formation of iron
oxides. SEM-EDS analyses on 113-HN samples (Exp. F) revealed the formation of precipitates
mostly composed of iron (Figure 3.20). However, these phases could not be identified by
Raman spectroscopy. The co-existent elemental sulfur, with strong excitation, could have made
difficult the identification (Figure 3.20). Oxygen samples (Exp. G and H) also showed iron in
their EDS spectra, although the precipitates were not observed (Figure S 3.8). This could

explain the differences observed in the appearance of these wood samples (Figure 3.17).

In exp. E and F, T. denitrificans produced nitrites via reduction of nitrates and oxidation of the
sulfur species formed in the model samples (Figure 3.21). The nitrites formed can abiotically
react with Fe**. Abiotic oxidation of Fe?" to goethite has been previously studied in presence
of nitrates and nitrites [70]. In fact, researchers highlight that abiotic oxidation will compete
with biotic oxidation, especially if nitrites are formed in the biotic reaction [70]. Iron(II)
oxidation by nitrites is faster than with nitrates. This reaction is dependant of pH, at lower pH
the reaction rate is increased. Still, at neutral pH this abiotic oxidation is possible [70]. In
experimental set-ups only containing oxygen (Exp. G and H), the oxidation of ferrous iron was
only possible with O>. The different oxidation processes could translate to the different
appearance between 113-HN and 113-HO samples, and also the different type of precipitates
detected between 113-HN and 113-HO samples.
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3.2 Biological oxidation of sulfur compounds in wood

Figure 3.19. (a) Secondary electron micrograph and (b) corresponding EDS spectrum of a tangential cut of a
wood sample treated with T. denitrificans in 113-PN (Exp. A). (c) Secondary electron micrograph and (d)
corresponding EDS spectrum of a cross-section cut of a wood sample treated with T. denitrificans in 113-PN (Exp.
A). (e) Raman spectra obtained from two independent points on the wood sample. Characteristic peaks of
elemental sulfur (a-Ss) are tagged along with some unidentified peaks.
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Figure 3.20. (a) Secondary electron micrograph and (b) corresponding EDS spectrum of the precipitates observed
on a cross-section of wood treated with T. denitrificans in 113-HN (Exp. F). (c) SEM image and (d) corresponding
EDS spectrum of cross-sectioned wood treated with T. denitrificans (Exp. F), where the precipitates were
observed. (e) Raman spectrum obtained from the surface of the wood sample. Characteristic peaks of elemental
sulfur (a-Ss) are tagged.

Complementary IC analyses revealed oxidation of the sulfur species formed during
impregnation of the model samples to sulfates (Figure 3.21). In general, experimental set-ups
with nitrates (Exp. A, B, E and F) were more successful in oxidising sulfur compounds to
sulfates (Figure 3.21). In the first section of this chapter, we observed that in presence of oxygen
and nitrates, some sulfur species were preferentially oxidised by nitrates. Only elemental sulfur

was clearly oxidised using O». This could indicate that other phases are being oxidised prior to
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elemental sulfur in presence of nitrates here. Indeed, in the proof of concept, partially oxidised
mackinawite was oxidised while elemental sulfur remained. Here, elemental sulfur was
detected in Raman analyses in all samples after treatment, but not mackinawite. Moreover, most
ANOs3/ASO4* ratios were close to the theoretical ratios for oxidation of mackinawite (Table
3.5). Still, some sulfates were registered in experimental set-ups with only oxygen (Exp. C, D,

G and H), indicating that there might have been oxidation using also this electron acceptor.

Figure 3.21. Concentration over time of nitrates, nitrites, phosphates and sulfates in presence of T. denitrificans
(closed symbols) or abiotic controls (open symbols), in all experimental set-ups. Error bars show standard
deviation of two independent replicates.
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Table 3.5. Mass balance of educts and products for the different experimental set-ups after the 30 days of
incubation of the model wood with T. denitrificans.

NO; depleted SO4* produced NO: produced | ANO3/ASOs>  ANO3/ANOy
(mM) (mM)? (mM) ratio ratio

Exp. A 7.89 +0.84 3.97 £0.68 0.75 £0.73 2.00 £0.13 19.06 +17.49
Exp. B 3.20 +0.96 2.20+£0.49 - 1.54 £0.78 -
Exp. C - 1.38 £0.31 - - -
Exp.D - 1.11 £0.44 - - -
Exp. E 0.47 +£0.35 0.46 +£0.40 0.17 £0.24 1.10 £0.19 1.06 £1.49
Exp. F 6.23 £0.10 3.39 +0.08 0.27 £0.38 1.84 +£0.07 5.83 £8.25
Exp. G - 0.09 +£0.07 - - -
Exp. H - 0.40 £0.08 - - -
Theoretical
Eq. 1 3 1.5 1 2 3
Eq.2 8 5 - 1.6 -

Sulfates concentration, and therefore the calculated ratios, have been adjusted by removing the amounts of sulfates
detected in the abiotic controls.
1.5FeS + 3NO3 + 2H* — N, + NO; + 1.5Fe?* + 1.550; + H,0 @)

5FeS 4+ 8NO; + 8H* — 4N, + 5Fe* + 5502~ + 4H,0 )

Over the time of the experiment some abiotic oxidation was registered as well. In the proof of
concept, where anoxic environment was kept, sulfates detected in the control were ~0.03 mM.
Here, we detected values between 0.14-0.24 mM, depending on the experimental condition. In
the proof of concept, the production of sulfates was over 150 times higher than in controls,
while here, the biological production of sulfates was maximum 30 times higher. The sulfur
extraction under oxic environment is expected to be a synergic combination between abiotic
and microbial oxidation [71]. The bio-oxidation would enhance dissolution of reduced sulfur
compounds under control conditions avoiding future spontaneous oxidation and production of

acids.

IC analyses also showed that in 113-PN samples with ~1x10° cells-mL"! (Exp. A), more sulfates
were produced than with higher cell concentration (Exp. B) (Figure 3.21). The opposite was
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observed in 113-HN samples, more sulfates were detected with the higher cell concentration
(Exp. F) (Figure 3.21). The initial concentration of cells did not influence the oxidation rate,
but the growth rate was the key factor. The growth followed by the OD at 600 nm showed that
these two experimental set-ups had active growing bacteria for longer time (Figure S 3.9). T.
denitrificans uses reduced sulfur species as energy source [17]. Higher oxidation rates would

be achieved by actively growing rather than energy conservation.

In general, T. denitrificans seemed to thrive better with phosphates in the growth medium
(Figure S 3.9), and with exception of the above-mentioned Exp. F, more production of sulfates
was detected in these conditions (Exp. A, B, C and D). T. denitrificans encodes for multiple
oxidation pathways for multiple sulfur compounds. Some of the enzymes participating in the
overall pathway require phosphorous [17]. The presence of phosphates would benefit this
metabolic route. Bacteria were detected in SEM analyses along the wood in samples from 113-

PO (Figure S 3.7).

IC confirmed that in 113-PN and 113-PO samples phosphates decreased in solution over time
(Figure 3.21). This influenced the pH of the abiotic control, with a slight increase in the pH
from 7.23 £0.15 to of 7.81 +0.13. In samples, due to the biological metabolisms occurring the
pH remained stable or decreased. HEPES samples maintained a more stable pH along the

incubation time (~7.34 £0.19).

Finally, we measured total iron concentration in solution by ICP-OES. Analyses of the solution
detected very low levels of iron at the end of the extraction time for all conditions. In all samples
using KH2POy as buffer agent, iron in solution was around 10 pM. In samples with HEPES
buffer, iron concentrations did not arrive to 1 uM. These results show that even though
oxidation of sulfur species was occurring the co-existent iron was not extracted. Indeed, we
observed precipitation in form of iron phosphates or iron oxides (specific compounds not

confirmed).

Conclusion

The extraction of sulfur compounds from waterlogged wood is necessary for the efficient long-
term preservation of these specific items. This preliminary study on a preventive biological
extraction method for waterlogged wood showed that 7. denitrificans was able to directly
metabolize sulfur compounds in wood substrate under anoxic conditions. This demonstrated
the feasibility of a biotechnological procedure as an alternative to current extraction methods

of sulfur species from WAW.
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Moreover, optimization of the processes targeted the encountered problems regarding nitrites
accumulation and iron phosphates precipitation. However, T. denitrificans conducted
preferentially denitrification coupled to the oxidation of the reduced sulfur species formed in
the model wood. Oxidation rates in presence of oxygen as sole electron acceptor were lower.
In future research, other bacteria could be investigated to conduct circumneutral oxidation of

reduced sulfur species with oxygen as electron acceptor [71].

The precipitation of iron phosphates helped preventing the formation of iron oxides, but the
problematic iron was not extracted. This feature can be interesting depending on the specific
requirements of the artefacts under study. The precipitation of iron phosphates did not interfere
with the oxidation of the sulfur moiety. This protocol would result in extracted sulfur, and iron
stabilized as iron phosphates. However, if the extraction of iron is essential, the presence of
phosphates in the growth medium will be inconvenient. Still, using another buffering agent,
like HEPES, we did not extract any iron either. In this case iron was precipitating, most likely
as iron oxide. Moreover, 7. denitrificans presented a better development when phosphates were
included in the growth medium. Thus, when using 7. denitrificans for the oxidation of sulfur
compounds within the wood, the presence of phosphates may be essential. Another delivery
system could prevent the precipitation and formation of minerals such as vivianite. For
example, the use of a gel instead of complete immersion could avoid the precipitation of iron

phosphates and is foreseen to be tested.

Regardless, if total sulfur an iron extraction is required, combining sulfur oxidation and iron

complexation will improve the overall efficiency of the treatment.
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Supplementary material 3.2

Figure S 3.3. Envirnmental scanning electron micrographs and respective EDS spectra obtained from reference
wood on (a) external surface and (b) inner transversal section. Adapted from [45)]. © 2018 Elsevier Ldlt.
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Figure S 3.4. Intensity ratio of the absorbance band characteristic for lignin (1505 cm™) against the absorbance
bands corresponding to carbohydrates at 1368 (e), 1157 (m) and 897 (Y ) cm™ respectively, calculated for fresh
wood (F), reference wood (R), control wood (C) and wood treated with T. denitrificans (T). Error bars show
standard deviation of three replicates. Adapted from [45]. © 2018 Elsevier Ldt.

170



3.2 Biological oxidation of sulfur compounds in wood

Figure S 3.5. (a) Stereomicroscope image of an oak wood sample after treatment with T. denitrificans. (b)
Stereomicroscope image of a balsa wood sample after treatment with T. denitrificans. Yellow precipitates are
visible in both types of wood.

Figure S 3.6. Raman spectrum obtained from the surface of thel 13-PN abiotic control wood sample.
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Figure S 3.7. (a) Secondary electron micrograph of the wood sample treated with T. denitrificans in 113-PO (Exp.
C) where bacterial colonies are seen. (b) EDS spectrum of the aggregates observed around the bacteria. (c) SEM
image of an inner cut of the wood and (d) corresponding EDS spectrum. (e) Raman spectrum obtained from the
surface of the wood sample. Characteristic peaks of elemental sulfur (a-Ss) are tagged.
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Figure S 3.8. (a) Secondary electron micrograph of a cross section cut of the wood sample treated with T.
denitrificans in 113-HO (Exp. H). (b) Raman spectrum obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (0-Ss) are tagged. (c) SEM image of the same cross section with
corresponding EDS spectra (I and 2).
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Figure S 3.9. Growth of the bacterium T. denitrificans in presence of artificially contaminated wood in the
different experimental media (113-HN, 113-HO, 113-PN, and113-PO) followed by the increase of OD at 600 nm
over time.
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Chapter 4

EVALUATION OF A BIOLOGICAL EXTRACTION
METHOD

Section 4.2 of this chapter is partially based on the following articles:

e M. Monachon, M. Albelda-Berenguer, T. Lombardo, E. Cornet, F. Moll-Dau, J.
Schramm, K. Schmidt-Ott and E. Joseph, “Evaluation of bio-based extraction methods
by spectroscopic methods,” Minerals, vol. 10, no. 2, pp. 1-17, 2020, doi:
10.3390/min10020203.

e M. Monachon, M. Albelda-Berenguer, T. Lombardo, E. Cornet, F. Moll-Dau, J.
Schramm, K. Schmidt-Ott and E. Joseph, “Evaluation of an alternative bio-treatment

for the preservation of waterlogged wood,” Eur. Phys. J. - Plus, 2020. Submitted.

Results from sections 4.1 and 4.3 are not published.
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Summary

In this chapter an application protocol for the developed extraction method was defined. The
first step was to stablish an application protocol that included both iron extraction and sulfur
oxidation. Two sequential steps (labelled 1B-2S and 1S-2B) and one-step (labelled 1SB)
protocols were studied in our model wood matrix (i.e., artificially contaminated balsa wood).
The sequential application protocol that involved first the use of the siderophore DFOM, i.e.,
iron complexation, followed by the oxidation of sulfur by Thiobacillus denitrificans was
selected as the best performance. We selected this application protocol as the most successful
since: 1) it respected the dark appearance of archaeological wood, 2) it avoided precipitation of
iron phosphates, and 3) the bacteria were more efficient in the oxidation of sulfur to sulfates

translating to the highest sulfur extraction rates.

The second section of this chapter focused on the evaluation of the selected extraction method
with the application protocol defined previously. Fresh balsa, fresh and archaeological oak, and
fresh and archaeological pinewood were selected here to study the performance of the proposed
extraction method in different types and species of wood. Our bio-based treatment was
compared to a two-step chemical treatment currently applied for the extraction of harmful salts
from waterlogged wood. FTIR and Raman spectroscopies were used along with ICP-OES and
IC to evaluate the overall performance of the different treatments under study. No wood
degradation was observed after any of the treatments. However, the tested chemical treatment
tended to bleach the samples. The total sulfur extraction rates were higher for the biological
treatment, while the chemical treatment presented higher extraction rates of iron. Overall, the
biological treatment had iron and sulfur extraction rates over 50%. Moreover, reduced sulfur
species were still identified by Raman analyses in the cubes chemically treated but no in the

biologically treated wood.

In parallel, we studied the autochthonous microbial community of waterlogged wood samples
to have an insight of possible secondary reactions and drawbacks when applying the bio-based
extraction method. The existing microbial community of the wood could decrease the overall
efficiency of our treatment if interactions occur. Solutions may need to be defined in case of

opposite interactions.
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4.1 Definition of an application protocol

Abstract

The definition of an application protocol is essential for the development of a treatment. In this
section, three different application protocols (labelled 1B-2S, 1S-2B, and 1SB) were developed
combining iron complexation and sulfur oxidation. 1B-2S and 1S-2B included sequential steps,
applying first the bacteria or the siderophore and vice versa. 1 SB was a one-step protocol where
DFOM and T. denitrificans were applied together. The different protocols were tested in
artificially contaminated balsa wood. Before and after treatment, the visual aspect of the cubes
was assessed, and the efficiency of extraction calculated by measuring total iron and sulfur
concentrations in the cubes. IC allowed to follow the oxidation of sulfur. All protocols presented
rates of extraction of iron higher than 80%. Overall, sulfur extraction was less efficient. Highest
sulfur extraction rate was just under 50% when using 1S-2B. The bacteria acted best when
cubes were pre-treated with DFOM (1S-2B protocol). This application protocol gave the most

promising results and was selected for further experiments.

Introduction

Conservation practices must follow some basic principles: materials should be safe and stable,
and the treatment should be durable and if possible reversible, or at least retreatable [1].
Therefore, new conservation methods should be designed to follow these ethical criteria.
Moreover, simple protocols involving not many application steps, mild conditions, and easily

available reagents, are preferred against more complicated procedures.

As example, current extraction methods for waterlogged archaeological wood (WAW) that
involve strong iron chelators are easy to apply. A concentrated solution in water is prepared
from an available commercial product [2]. Moreover, the temperature is usually not adjusted
[2], [3]. Thus, the objects are placed in the solution at RT for an established amount of time.
However, these methods may involve drawbacks as toxicity of the chemicals or highly alkaline
pH [2], and therefore the protocols have to consider safety regulations. Some methods also
involve other solvents such as iso-propanol [4], which require extra safety considerations for

the user and the environment.

On the contrary, green chelators such as deferoxamine are safe to use and there is no associated
toxicity [5]. Moreover, DFOM is commercially available in pharmacies under the name of

Desferal®. It has been previously suggested for conservation of wood and textiles, and it was
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successfully applied in gel to remove iron stains [6], [7]. In this study, we combine the use of

DFOM with the action of sulfur-oxidising bacteria.

Biological treatments usually require maintaining conditions such as temperature and pH over
the time of the treatment, allowing microbial activity [8]. Thiobacillus denitrificans has an
optimal growth at 30 °C and pH between 6.8 - 7.4. These are mild conditions that could be
maintained with current installations used by conservators [2]. Moreover, T. denitrificans is a
facultative anaerobe. During this thesis, anoxic and oxic conditions were tested to assess the
best conditions for bacterial growth and effective treatment. We have ascertained that reducing
the exchange of oxygen is suitable to the bacterial growth and the stability of the iron sulfides.

Maintaining strict anoxic conditions could be complicated for end-users.

In the previous chapters, iron complexation and sulfur oxidation has been tested separately. The
goal of this study was to test different application protocols combining the biological processes

previously studied in this thesis. Three different application protocols were developed:

1) Oxidation of sulfur by 7. denitrificans followed by chelation of iron by DFOM
2) Extraction of iron ions by DFOM followed by the oxidation of the remaining sulfur

3) One-step application were iron complexation and sulfur oxidation act at the same time

Materials and Methods

Model wood samples

Balsa wood was employed as a simplified model simulating waterlogged wood. Balsa
(Ochroma pyramidale) wood cubes with the following dimensions: 1x1x1 cm3were prepared.
The samples were impregnated with iron and sulfur solutions by immersing them in 1 L iron(II)
chloride tetrahydrate (0.5 M FeCly'4 H>O) solution under vacuum (-600 mbars) for 4 h. The
samples were dried overnight at 45 °C. Afterwards, the samples were immersed in a solution
of hydrated sodium sulfide (0.5 M Na>S-nH>O) under vacuum (-600 mbars) for also 4 h.
Samples were kept immersed in N»-flushed water. Before any experimental procedure, cubes

samples were washed by ultrasonic bath until no more impregnation solution was released.

Bacteria and iron chelators

Thiobacillus denitrificans (DSMZ 12475) was obtained from the German Collection of
Microorganisms and Cell Cultures (DMSZ, Germany). The strain was cultivated using standard
anaerobic techniques at 30 °C in the dark. Deferoxamine mesylate salt (DFOM) was purchased

as Desferal® (Novartis Pharma Schweiz AG, Switzerland).
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Application protocol

The combination of iron complexation and sulfur oxidation can be done in sequential steps or
at once. Three different possibilities exist: 1) Application of the sulfur-oxidising bacteria
followed by chelators; 2) The extraction of iron ions by siderophores and then the oxidation of
the remaining sulfur species; and 3) In one application step, add both siderophores and sulfur-

oxidising bacteria together.

In table 4.1, the conditions of the three extraction protocols are defined. DFOM was applied in
water to a final concentration of 20 mM. T. denitrificans was always inoculated to modified
113 medium from a 5 days culture to a final concentration of 1x10° cells/mL. Cells were

recovered by centrifugation and washed twice in physiological solution before inoculation.

Table 4.1. Definition of the three different extraction methods tested to extract sulfur and iron from contaminated
waterlogged wood.

Extraction methods Step 1 Between steps Step 2
Incubate for 23 days Incubate for 3 days in a
1) Bacteria > with T, denitrificans in Rinse with HoOq4 twice  solution of 20 mM
Siderophore (1B-2S) 113 medium at 30 *C in in sonication bath DFOM (in water) in
agitation agitation

Incubate for 3 days in a
2) Si h i Ri ith HyOq twi 4
]gasttdtr:ir?()lgr;];) — 'Of » mM l?r?eszvnlicati;n (llaa"[);lce with T. denitrificans in
e DFOM (in water) in 113 medium at 30 °C
agitation

Incubate for 23 days

Incubate for 23 days

3) Siderophore + with T. denitrificans and

Bacteria (1SB) 20 mM DFOM, in 113 - -
medium at 30 *C in
agitation

Several controls were included. Wood cubes were incubated in 113 media without bacteria as
control for the medium solution (Control M). Some cubes were only treated with DFOM and
some only with 7. denitrificans, as control for each treatment (control S and control B,

respectively). Finally, two wood cubes were kept in water without any treatment.

All solutions used were Na-flushed for 10 min previous addition to the wood cubes. Bottles

were filled to the top, close tightly and wrapped with Parafilm® to prevent oxygen exchange.
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Two bottles with two wood cubes each were carried out for each extraction method and one

bottle with two wood samples for each control.

Analytical methods

Visual appearance and pH

Wood samples were monitored during the whole duration of the experiment. Changes in the
appearance of the cubes were noted down and documented. Moreover, a 691 pH Meter
Metrohm (Metrohm AG, Switzerland) was used to control the pH of the solution over time with
an ionic electrode (unitrode 6.0259.100) calibrated with buffer solutions (pH 4, 7 and 9). The
pH of the cubes was measured with a surface electrode (flat membrane electrode 6.0256.100),

also correctly calibrated, at the beginning and end of the experiment.

lon chromatography (IC)

For the determination of the concentration of sulfates (SO4?), nitrates (NOs"), nitrites (NO2"),
and phosphates (PO4*"), 2 mL of sample were filtered at 0.22 pm (BGB Analytik, Switzerland)
to remove residual particulate matter. Filtered samples were correctly diluted and analysed by
ion chromatography (Dionex ICS-1600). The instrument was equipped with a conductivity
detector, a Dionex Ion Pac™ AS14A (4 x 250 mm) anion exchange column, and a Dionex Ion
PacTM RFIC™ (4 x 50 mm) guard column. A solution of 8 mM Na,COj3; and 1 mM NaHCO3
was used at a flow rate of 1.3 mL-min! as mobile phase. The detection limit was 0.05 mg-L™!.

Data was analysed with the Chromeleon™ software (Thermo Fisher Scientific, United States).

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

Total iron and sulfur concentrations were determined in the extraction solutions and in the wood
cubes by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). Samples
from the solutions were filtered through a 0.22 pm PVDF membrane (BGB Analytik,
Switzerland) before analysis. Wood cubes were dissolved in a concentrated solution of
ultrapure nitric acid 65% (v/v) (Suprapur, Merck KGaA) by reflux for 24 hours. All types of
samples were first diluted into the detection range (0-2 ppm), and then loaded into the ICP using
a peristaltic pump, and a cyclonic spray chamber connected to a nebulizer (Perkin-Elmer,
United States). Then, concentrations of iron and sulfur were determined using an Optima 2100
DV (Perkin-Elmer, United States) optical emission spectrometer. The extraction rates were
calculated based on the concentration of species remaining in the samples before and after

extraction.
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Results and Discussion

Visual characterisation and pH

The selection of an extraction method will define the conditions for future treatments and
praxis. Dealing with WAW usually implies several conservation concerns that are induced by
iron and sulfur species, respectively. Different biological metabolisms (i.e., iron complexation
using siderophores and sulfur oxidation) have been selected here to tackle the different issues
of long-term conservation of waterlogged wooden objects. Distinct performances were

observed with the different extraction protocols tested.

Figure 4.1. Visual appearance of the wood cubes. Balsa wood was artificially impregnated with iron sulfides, and
then treated with three different application protocols (1B-2S, 1S-2B, and 1SB).

The first visual observations showed that the untreated samples (i.e., wood cubes immersed in
water) were getting oxidised over time (Figure 4.1). After 23 days, the characteristic black
colour attributed to iron sulfides changed in some areas to a bright orange colour that can be
assigned to the presence of iron oxides [3]. However, no further characterisation of the wood
samples was made at this stage, and the specific species of iron and sulfur formed remained
unknown. Controls for the 113 medium solution were not oxidised, instead a brownish
precipitate started to accumulate in the surface after 3-4 days (Figure 4.1). The same happened
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to the samples treated by the 1B-2S protocol after the first few days of incubation with T.
denitrificans. Due to previous experiences, we know that these precipitates are likely iron
phosphates (Chapter 3). Moreover, when we observe the IC results, we can see a clear decline
of phosphates in the control M and 1B-2S solutions that is not observed in the 1S-2B and 1SB
treatments (Figure 4.3). The problematic of having phosphates in 113 medium has already been
discussed in Chapter 3. The consequences of this precipitation are a clearer hue in this case than
for the other extraction methods (Figure 4.1). Cubes treated by 1S-2B and 1SB protocols
showed a closer appearance at the end of the treatment. The final appearance was a darker hue
closer to the artificially impregnated sample before treatment (Figure 4.1). The wood samples
treated only with DFOM, i.e., control S, presented a reddish appearance (Figure 4.1), that was
distant to untreated samples. When DFOM is bound to iron, it forms a strong red-colour
complex (i.e., ferrioxamine) that could change the colour of the wood if not properly rinsed out

[6]. Further analyses are needed to stablish the compounds formed.

pH is also an important parameter as a very alkaline pH and a very acidic pH are both harmful
for the wood components [9], [10]. pH values measured on the surface of the wood cubes are
presented in Table S 4.1. After artificial contamination with iron and sulfur species, the pH of
the cubes increased. We measured pH of ~9 — 11 in surface, while before artificial
contamination pH was around 5. The impregnation solution is very alkaline with the presence
of Na,S. Therefore, the wood samples present a very high pH on surface right after artificial
contamination that persisted over time, even if the cubes are rinsed with deionized water.
However, the pH on surface of the wood cubes changed after all treatments (Table S 4.1). In
general, for all the extraction protocols the pH on the samples surface changed back to values
closer to the original pH of balsa (pH ~5). This change also indicates a removal/transformation
of the iron and sulfur species formed during artificial contamination of the wood cubes. The pH
for all three extraction methods, and control M and control B was in the range between 4 and
5.5. Only control S presented a pH on surface that was alkaline. Indeed, the surfaces of the
wood samples only treated with DFOM presented a final pH ~8.3 £0.2. This fact links to the
idea that the ferrioxamine complex was not well rinsed out of the wood giving the red

appearance and maintaining the pH close to the calculated value of pKa;=8.4 [11], [12].

The final pH on most of the samples surface was not related to the pH in solution over the
treatment time. During the bacteria step (or bacteria and siderophore step for 1SB), the pH of
the solution was initially buffered to pH ~7. However, the addition of the cubes to the medium

increased slightly the pH to values around ~7.5. Over time, the pH in controls M and B, and
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IB-2S extraction method increased, while the pH for 1SB remained stable and decreased
slightly for 1S-2B (Table S 4.2). The cause for the increase in pH in the case of the controls and
1B-28 could be related to the precipitation of iron phosphates. 113 medium is buffered with a
phosphate buffer. When the phosphates precipitate the buffer loses capacity. This effect is not
observed for 1S-2B and 1SB protocols, because the iron ions have already been extracted or
chelated and, consequently, there is no precipitation of phosphates (Figure 4.3). On the contrary,
during the siderophore step the pH in solution was not buffered. However, all solutions finished

with pH values around the pKai=8.4 of deferoxamine.

Figure 4.2. Percentage of total iron (Fe) and sulfur (S) extraction for the different extraction methods (1B-2S, 15-
2B and 1SB) and controls (control for the bacterial step (control B), control for the 113 medium (control M), and
control for the siderophore step (control S).

Efficiency of the different extraction protocols

The total extraction of iron and sulfur from the cubes was measured by ICP-OES. We measured
the initial quantities of iron and sulfur in the cubes after the impregnation protocol and
compared them to the values after extraction methods. The remaining amounts of iron and

sulfur in wood and the calculated extraction rates for total iron and sulfur are presented in Table
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S 4.3 and S 4.4, respectively. Three artificially contaminated wood cubes were used to measure
the initial concentration of total iron and sulfur. This analytical method is destructive, therefore
the cubes analysed for the initial concentrations were not used after in the experiment. We
assume that the impregnation with iron and sulfur species is similar in all cubes, but some
variance was observed (Table S 4.3 and S 4.4). Moreover, after treatment only one cube was
analysed to measure the remaining concentration of iron and sulfur. It is important to consider
this when analysing the data as no statistical approach was possible. However, this preliminary

test gave us some insight to the best possible application protocol.

Overall, 1S-2B method obtained the best rates of extraction of total iron and sulfur (Figure 4.2).
An iron extraction rate close to 100% was achieved in balsa when applying 1S-2B. On the
contrary, the sulfur extraction rate was not over 50% (Figure 4.2). The same pattern was
observed for all extraction methods. Iron extraction rates were higher than for sulfur. 1SB
presented extraction rates of iron of 97%, while the sulfur extraction rates was 29% (Figure
4.2). 1B-2S showed similar results to 1SB for sulfur extraction rates —30%—. However, the

extraction rate of iron was the lowest —81%-— (Figure 4.2).

A correlation exists between extraction of iron and sulfur. In general, when the extraction of
iron is higher the extraction of sulfur is also increased [2]. We observed in our model wood that
the iron extraction was much higher (from 80% to almost 100%) than sulfur (from 30% to
45%). Iron sulfides such as mackinawite (FeS), with a relation 1:1, could translate to similar
extraction rates for iron and sulfur. The ratio of remaining iron/remaining sulfur in the wood
was much lower than 1, for all extraction protocols. If mineral sulfur or other sulfur compounds
(e.g. organosulfur) are formed, the extraction of iron does not correlate with the extraction of
sulfur [2]. Current methods applied in conservation of wood that use strong iron chelators show
iron extraction rates that vary from ~60 to 100% [2], [3]. Our iron extraction rates are within
the range of current extraction methods. However, these studies were mostly focused on objects
that may present already oxidised forms of iron sulfides, or they work with other wood species,

which could influence in the extraction procedure [2], [3].

Additionally, ICP-OES measurements performed on the extraction solutions revealed some
additional information regarding each individual step of the extraction methods. In one hand,
insignificant amounts of iron were detected in the solutions after incubation with only 7.
denitrificans (Table S 4.5). Therefore, all iron extraction seems to be achieved by the
siderophores. In the case of control M, where no siderophore was present, differences observed

between iron concentrations in solutions and calculated iron extraction rates can be due to initial
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differences in iron content between wood cubes. On the other hand, sulfur was detected in
solution at the end of each step for 1B-2S and 1S-2B protocols (Table S 4.5). Sulfur extraction
can be consequence of bacterial metabolism, iron complexation with DFOM and/or iron
precipitation with phosphates. However, the highest amounts of sulfur were always detected
when siderophores were in solution (Table S 4.5). Indeed, the wood cubes treated at some point

with DFOM presented the highest calculated sulfur extraction rates (Figure 4.2).

DFOM was thus responsible for most of the extraction of iron and sulfur in all protocols tested.
However, previous studies have shown that when only an iron chelator is applied, the sulfur
bound in lignin-rich parts remains in the wood [2]. The bacteria step is then needed to oxidise
and extract this reduced sulfur and other sulfur species remaining (e.g. mineral sulfur). Without
the bacteria the sulfur extracted is most likely in sulfide forms, such as hydrogen sulfide (H>S)
(egg-like smell noticed). IC analysis was able to detect sulfate anions but no other species of
sulfur. However, the chromatograms showed an intense peak at ~4.75 min retention time, that
could match with hydrosulfide (Figure S 4.1) [13]. IC results show that when bacteria were
active, sulfur species were successfully transformed to sulfates (Figure 4.3). In 1S-2B protocol,
we observed the typical decrease of nitrates and increase of sulfates related to 7. denitrificans
metabolism (Figure 4.3). In 1B-2S protocol, the bacteria activity was much lower or even
inexistent than in 1S-2B, probably due to an increase in pH. In these samples, phosphates
precipitation was higher than in experiments in chapter 3. Maybe more free iron was in solution,
increasing the precipitation rate. 7. denitrificans has an optimal pH of growth close to neutrality.
The increase in pH (Table S 4.2), could negatively affect its development and consequently

slower sulfur metabolism observed.

After incubation, only 0.24 £0.03 mM of sulfates were detected in 1SB. This value is in the
range with the value detected in the control M (abiotic oxidation). However, in the control, the
nitrates value did not change while in 1SB a small consumption of nitrates was detected over
time. The hypothesis is that the extraction of iron produces high quantities of hydrogen sulfide
(Figure S 4.1), which is toxic for bacteria [14]. This would explain the very low or inexistent

growth of bacteria in the 1SB extraction method.

The relation between nitrates consumed and sulfates produced in the solution of 1S-2B protocol

was in the range with the following reactions [15], [16]:
550y + 6NO3 + 2H,0 —» 550;~ + 3N, + 4H" (1)

178y + 24NO3 + 8H,0 —» 6NO; + 9N, + 17507 + 16H* )
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The calculated ANO3;/ASO4* ratio was 1.37 £0.45, while the theoretical ratios are 1.2 and 1.4
for equations 1 and 2, respectively. As we observed a small production of nitrites, we can
assume that both reactions are could be occurring. These results point that in the first step of
1S-2B protocol, DFOM is able to solubilize iron sulfides, extracting iron and sulfur, while the
second step is needed for the bacteria to solubilize other possibly remaining sulfur compounds.
However, without other complementary analyses, such as Raman spectroscopy, we cannot

assume which sulfur species were left at the end of the treatment.

Figure 4.3. Nitrates (®), nitrites (¢), sulfates (m), and phosphates (A) concentrations (mM) over time. Anions
concentrations were measured in solutions containing balsa wood cubes, for the three different extraction
protocols: 1B-2S, 15-2B and 1SB, as well as a control solution (medium 113). Error bars indicate standard
deviation of two replicates.
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Conclusion

This preliminary study allowed us to select an adequate extraction protocol for future assays of
the biological treatment. Of all three extraction protocols tested, 1S-2B presented some of the
highest extraction rates for both iron and sulfur. Moreover, this application protocol was the
only one that successfully converted sulfur into sulfates. 1SB also extracted sulfur but only a
small amount of sulfates were detected in IC. We assume that the sulfur species were mostly in
hydrogen sulfide form, which can still react with the wood to form organosulfur species leading

to possible future conservation issues.

In this experiment we encounter some issues with bacterial growth. Bacteria grew better in 1S-
2B method. We hypothesized that the bacteria were not able to properly grow in some
conditions with high levels of hydrogen sulfide and relative higher pH (ISB and 1B-S
treatment, respectively). 1S-2B is a “safer” extraction protocol. The DFOM pre-treatment
allows to eliminate high quantities of iron and sulfur. In the second step, the bacteria can
metabolise remaining sulfur species (organosulfur, mineral sulfur, some iron sulfides still

present) to sulfates.

Further tests are needed to better develop an application protocol. Higher number of cubes have
to be treated to add statistical value to the results. This initial experiment sets the basis for future
studies. Up to this point, we chose the 1S-2B extraction protocol as the best to be used in further

experiments.
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Supplementary material 4.1

Table S 4.1. pH values on the surface of the wood cubes during the application of the different extraction methods
under study.

Extraction method pH of fresh balsa wood pH T0? pH TF®

1B-28 9.8 £0.6 4.5+0.1

1S-2B 9.7 0.5 4.9 0.1

1SB 9.8 £0.5 5.50.2
5.1+0.1

Control M 10.1 0.5 4.4 +0.1

Control B 10.0 0.3 4.1 0.1

Control S 9.8 +0.1 8.3x0.2

2 TO refers to artificially contaminated wood cubes right before experiment.
b TF refers to the end of the treatment. In protocols with two steps is at the end of both steps.
Values are presented as the mean of three independent replicates +standard deviation.

Table S 4.2. pH values measured in the extraction solutions during the application of the different extraction
methods under study.

Extraction method pH values in solution
Step 1 Step 2
TO0* TF? T0* TF®
1B-2S 7.5 £0.03 8.5 +0.01 5.8 +0.03 8.4 +£0.03
1S-2B 5.4 +0.1 8.3 0.1 7.6 £0.03 7.2 +0.1
Single step
TO0* TF®
ISB 7.5 +0.01 7.6 £0.1
Control M 7.6 8.4
Control B 7.5 8.8
Control S 5.3 8.3

2 TO refers to the values at the beginning of the extraction step.

° TF refers to the end the extraction.

Values are presented as the mean of two independent replicates +standard deviation for extraction methods and as
a single value (no replicates) for the controls.
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Table S 4.3. Extraction rates of total iron for the three different extraction protocols under study and controls.

Extraction method

Total iron in wood Total iron remaining in wood

before treatment after treatment (mg Fe/ g % of iron extracted

(mg Fe / g wood) wood)
1B-2S 3.27 81.34
1S-2B 0.40 97.74
1SB 0.61 96.53

17.50 £1.552

Control medium 6.97 60.12
Control S 2.67 88.62
Control B 17.39 12.77

2 Standard deviation for three cubes.

Table S 4.4. Extraction rates of total sulfur for the three different extraction protocols under study and controls.

Extraction method

Total sulfur in wood
before treatment (mg

Total sulfur remaining in

wood after treatment (mg % of sulfur extracted

S /g wood) S /g wood)
1B-2S 22.82 29.90
1S-2B 18.29 4381
1SB 23.21 28.69

32.55 £3.292

Control medium 27.71 14,87
Control S 23.73 27.08
Control B 28.21 13.33

2 Standard deviation for three cubes.

Table S 4.5. Concentration of total iron and sulfur in the extraction solutions at the end of each step of every
extraction protocol and controls.

Extraction method Total iron in solution at TF Total sulfur in solution at TF
(mM) (mM)

Step 1 Step 2 Step 1 Step 2
1B-2S 0.003 £0.001 4.76 £0.41 6.90 £0.28 9.24 £0.57
1S-2B 4.97+0.13 1.15+0.03 14.99 £1.82 6.75 £0.57

Single step
ISB 5.51+0.11 15.31 £0.19
Control M 0 7.17
Control B 0.006 6.61
Control S 4.84 14.74

Values are presented as the mean of two independent replicates +standard deviation for extraction methods and as
a single value (no replicates) for the controls.
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Figure S 4.1. Chromatogram of IC analysis of the solution of 1SB protocol after 10. The arrow points out the peak
that could be assigned to hydro sulfide [13].

196



4.2 Evaluation of the application protocol

4.2 Evaluation of the application protocol

Abstract

New technologies are in development regarding the preservation of waterlogged archaeological
wood items contaminated with Fe/S species. A bio-based treatment to extract these harmful
species before further damages occur was developed. Thiobacillus denitrificans and DFOM
were employed based on their specific properties to solubilize iron sulfides and uptake iron.
The biological treatment was compared with chemical oxidizing and complexing agents
traditionally used in conservation-restoration. Mock-ups of fresh balsa as well as fresh and
archaeological oak and pinewood were prepared to simulate degraded waterlogged wood.
Biological and chemical extraction methods were evaluated through FTIR and Raman
spectroscopies. Total iron and sulfur extraction were measured with ICP. The biological
oxidation of sulfur was investigated with IC. Results showed that extraction methods did not
affect the wood composition, meaning that no wood degradation was induced. However, the
chemical method tended to bleach the samples. The extraction rates of sulfur were higher for
the biological extraction, while the chemical treatment presented higher extraction rates of iron.
Overall, the biological treatment had iron and sulfur extraction rates over 50%. Moreover,
reduced sulfur species were still identified by Raman analyses in the cubes chemically treated

but no in the biologically treated wood.

Introduction

Accumulation of iron sulfides within waterlogged archaeological wood is a long-known issue
[17]-[19]. This problematic often linked to marine environments is also common in lakes and
riverbeds when oxygen levels are low. Recent studies shown the high levels of pyrite (FeS>)
inside wood remains coming from fresh water locations [20]. However, no defined
protocol/procedure exists to deal with the consequences of this accumulation in the wood pores.
So far, only precautions can be taken to avoid uncontrolled oxidation of iron and sulfur species
[20]. The development of extraction methods that can prevent the formation of salts and strong

acids is essential in the long-term preservation.

Biotechnology has proven to offer sustainable solutions for the preservation of heritage artefacts
[8], [21]. Microbial processes can be used for consolidation, cleaning or inhibition of reactive
corrosion products while reducing the toxicity related to traditionally used treatments [22].
Profiting some specific microbial metabolisms, iron sulfides can be extracted from within the

wood. For example, siderophores are produced by many bacteria under iron-deficient
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conditions and they present the highest iron affinity, allowing their use in pharmacology,
agriculture, medicine and other applications [23]. The application of siderophores has already
been investigated on paper and wooden artefacts to remove iron staining [7]. The results showed
that siderophores were the most effective regarding the extraction of iron in comparison to
commonly used complexing agents. They represent a promising green alternative to current
chemical iron extraction methods. Moreover, sulfur oxidizing bacteria, such as Thiobacillus
denitrificans, can be used to oxidise sulfur species to soluble sulfates under controlled

conditions.

A two-step protocol has been developed using DFOM and T. denitrificans (see section 4.1). In
the first step, DFOM chelates iron avoiding the formation of iron hydroxides and other species
that are insoluble [24]. Once this solution is rinsed out, a 7. denitrificans culture is used to
oxidise remaining sulfur species still present in the wood. Current extraction methods show that
the application of only iron chelating compounds is not enough to co-extract all sulfur species
[2]. The development of a new treatment needs to assure efficacy on both iron and sulfur.
Moreover, recent research revealed that the accumulation of iron sulfides inside the wood varies
with the species of wood [25]. The extraction of these compounds could also be influenced by
the type and species of wood. An extensive campaign is essential to evaluate the treatment in

different woods.

Our goal in this study is to evaluate, on different wooden mock-ups, the effectiveness of the

proposed bio-based treatment in comparison with chemical methods usually employed.

Materials and Methods

Wood samples

Three woods were selected: balsa (Ochroma pyramidale), oak (Quercus sp.) and pine/fir
(Pinaceae family). These woods have already been reported as mock-ups to model waterlogged
wood [3], [26]-[28]. Oak and pine are the main wood species found on waterlogged wood

artefacts and the most described cases in literature [29].

Fresh and archaeological wood samples were tested. Fresh balsa was purchased from Coop
Brico + Loisirs (Neuchatel, Switzerland). Fresh oak and pine were obtained from a carpenter,
J.F. Liabeuf (Cernier, Switzerland). Concerning archaeologic samples, poles and boards of oak
and silver fir were provided by the Archaeological Service of Bern Canton (ADB), and two

other Neolithic oak poles were provided by the Swiss National Museum (SNM).
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From all samples, cubes of 2x2x2 cm?® and 1x1x1 c¢m?® were prepared. Concerning
archaeological wood, the samples were cut on the external layer of the poles (sapwood) and
following the wood ring to have homogeneous samples sets. All the samples present the

transversal (Tr), tangential (Ta) and Radial (R) cutting sections.

10 sets of 19 samples each were prepared. The set distribution is described in Table 4.2. All
samples were stored in N>-flushed deionized water until further experiments. For each set, one

sample was kept as reference, on which no artificial contamination or extraction was performed.

Table 4.2. Description of the prepared sets. Sample distribution was based on wood specie and wood type.

Set Wood specie Wood type Dating Degradation Artificial
state contamination

Balsa (Ochroma

Al ) Fresh Recent low Yes
pyramidale)

A2 Balsa (O?hroma Fresh Recent low Yes
pyramidale)

B Oak (Quercus sp.) Fresh Recent low Yes

Oak (Quercus sp.) Archaeologic 2753 BC high Yes

D1 Oak (Quercus sp.) Archaeologic 3840 BC high No

B

D2 Oak (Quercus sp.) Archaeologic zogrz:ze high No

E Pine (Pinus sp.) Fresh Recent low Yes

F Silver fir (dbies Archacologic 1878 AC low Yes

alba)
Gl Pine (Pinus sp.) Archaeologic 3840 BC high No
G2 Oak (Quercus sp.) Archaeologic Neolithic high No

Sets A1, A2, B, C, E and F were artificially contaminated with iron and sulfur species according
to the protocol previously described (Section 4.1). A water pre-immersion treatment under
vacuum (600 mbars) was also applied for sets A1, A2, B and E before impregnation to enhance
the desired wood degradation and to simulate the state of degradation observed on real
waterlogged wood artefacts. Regarding D1, D2, G1 and G2 sets, spot tests to detect iron(II),
iron(III), sulfides and sulfates were performed. Potassium thiocyanate 33% and barium chloride
test were used to detect iron and sulfates, respectively. Machery-Nagel® test paper n°90761
(Fisher Scientific AG, Switzerland) was employed for sulfides detection [30].
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Labelling

All the cubes of each set were named depending on the treatment applied on them. In each set,
3 groups of 6 cubes: untreated (NT), biologically treated (BT) and chemically treated (CT),
plus, the reference cube, were included. The samples were named NT-1 to NT-6, BT-1 to BT-
6, and CT-1 to CT-6.

Extraction methods

The proposed biological treatment was compared to current chemical extraction treatment.
Before extraction, the samples were washed in 400 mL of deionized water and sonicated for 2
and then 4 min. The water was changed between the two-sonication baths. The final volume of
extraction solution was set to 200 mL. At the end of treatment, BT and CT samples were
immersed in N»-flushed deionized water, and several cycles of 2 x 20 min vacuum (1 mbars)
followed by 1 h sonication were applied on the samples until constant pH was reached and

storage solution conductivity was in the range 10-30 puS/cm (as the rinsing water).

Biological treatment

T. denitrificans (DSMZ 12475) was obtained from the German Collection of Microorganisms
and Cell Cultures (DMSZ, Germany). The strain was cultivated using standard anaerobic
techniques at 30 °C in the dark. Deferoxamine mesylate salt (DFOM) was purchased as
Desferal® (Novartis Pharma Schweiz AG, Switzerland). Wood cube samples were used for the
extraction without any previous sterilization protocol. BT samples were directly immersed in a
N,-flushed water solution with a final concentration of DFOM 84 mM, after the above-
described rinsing. The six wood cubes were treated in the same extraction solution. The
concentration of DFOM was the maximum possible for its solubility. Samples were kept at
room temperature and with orbital agitation for 10 days. After rinsing with deionized water in
a sonication bath, the samples were incubated for 23 days with 7. denitrificans in Na-flushed
modified 113 medium. Inoculation of the bacteria was done as described in the previous section.

Samples inoculated with the bacteria were incubated at 30 °C in darkness without agitation.

Chemical treatment

The applied chemical protocol was based on a previous study [3]. Briefly, the samples were
immersed in sodium persulfate 0.1 M for 1 day to oxidize sulfur species. After rinsing with
deionized water, the samples were then immersed in EDTA 0.125 M for 7 days to complex free
iron ions. During the whole process, the samples were kept at room temperature without

agitation.
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Analytical methods

Documentation and colorimetry

Each set was photographically documented. The samples were always placed on the same
position. The sets were photographed with a Canon Power Shot G5X camera on auto mode.
Each face of the cubes was documented. The pictures were taken in a white chamber (48x48
cm) dedicated for photography. The sets were illuminated with 2 halogen lights (23W/lamp).
The camera was placed on a tripod (135 cm from the floor) and tilted at 90° to be above the tent

and the samples. Colour and lengths scales were used.

Colorimetry measurements were investigated to determine the changes in samples appearance.
A Minolta CM-508D spectrophotometer was used for the colour measurements, with the
following parameters: Specular Component Included (SCI), Illuminant D65 (daylight
containing UV component, colour T 6504 K), d/8° geometry, 10° observer, measurement area
diameter 10 mm, illumination with Xe flashlight source 100% UV containing all UV
components or 0% UV containing no UV components, CIELab 1976 colour space (EN ISO

11664-5:2016). On each sample, one measurement was recorded through a plastic film.

The parameters L* (lightness), a* (green—red chromatic coordinate) and »* (blue-yellow
chromatic coordinate) were determined, and the AE* (i.e., difference between two colours) was

calculated following equation 1 [31]:

AE* = \/(AL*)? + (Aa*)? + (Ab*)? (1)

pH measurements and conductivity

Over time, pH was measured at the surface of the wood samples and within the extraction
solutions. A 691 pH Meter Metrohm (Metrohm AG, Switzerland) with surface electrode (flat
membrane electrode 6.0256.100) and ionic electrode (unitrode 6.0259.100) calibrated with

buffer solutions (pH 4, 7 and 9) was used.

The conductivity of the wash out solutions was measured with a WTW Multi 3410

conductometer. Deionised water was used as reference.

Fourier Transformed Infrared spectroscopy (FTIR)

Fourier transformed infrared spectroscopy (FTIR) was used to evaluate the wood degradation.
A Nicolet iS5 Thermo Fisher™ (Thermo Fisher Scientific, United States) was used for
measurements, with the following parameters: range 650-4000 cm’!, spectral resolution of 4

cm! and 16 scans. The measurements were done in an ATR (Attenuated Total Reflectance)
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mode using a diamond ATR crystal without any sample preparation. Spectra were recorded at
the surface of all faces with 3 points per face with a mask. The spectra were analysed with the
Thermo® OMNIC software (Thermo Fisher Scientific, United States). 2 cubes per treatment per
set were analysed: NT-2, NT-4, BT-2, BT-4, CT-2 and CT-4.

The height of vibrational bands at: 1) 1034 cm™! assigned to C-O stretching in holocellulose
and lignin, 2) 1158 cm™! related to C—-O—C vibration in cellulose and hemicellulose, 3) 1374
cm ! assigned to C—H deformation in holocellulose and cellulose, and 4) 1506 cm™! assigned
to aromatic skeletal vibration in lignin, were used to calculate three ratios: R1=I(1158)/I(1506),

R2=1(1374)/1(1506) and R3=I(1034)/1(1506) according to literature [32]-[34].

Raman spectroscopy

The minerals formed during the impregnation protocols were determined by Raman
spectroscopy. A Jobin Yvon Horiba™ spectrophotometer was used for the measurements
coupled with Olympus BX41 microscope (Horiba Ltd., Japan). Spectra were recorded at a
wavelength of 632.8 nm, pinhole of 1000 um, spectrometer entrance slit of 100 pm, 1800
lines/cm grating, 100-1500 cm™ range, with 0.99 mW (D1 filter, 10%) of laser power to avoid
over heating of the compounds, 100x objective (0.9 numerical aperture) and acquisition with
10 accumulations of 5 seconds. Then, one long-acquisition spectrum was recorded, with the
same parameters, and an acquisition of 25x10s. The spectra were acquired with the LabSpec®
5 software (Horiba Ltd., Japan). Reference spectra were used to identify the compounds formed.
The analyses were performed on the samples immersed in their stock solution. A thin layer of
solution over the cubes surface allowed the laser power to be increased. One measurement at
the centre of each face was carried out. 2 cubes per treatment per set were analysed: NT-1, NT-

3, BT-1, BT-3, CT-1 and CT-3.

lon chromatography (IC)

For the determination of the concentration of sulfates (SO4?), nitrates (NOs"), nitrites (NO2"),
and phosphates (PO4*), in the solution of the biological extraction method samples, an ion
chromatograph Dionex ICS 1600 (Thermo Fisher Scientific, United States) was used. Samples
were prepared as in the previous section. Data was analysed with the Chromeleon™ software

(Thermo Fisher Scientific, United States).

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) was applied to

determine total iron and sulfur concentrations in the wood cubes and in the extraction solutions.
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Same protocol and detection system as in the previous section were applied. The cubes used for
measuring the remaining amount of iron and sulfur after the extraction protocols were extra
cubes of 1x1x1 ¢cm?, treated together with the 2x2x2 cm® samples. The extraction rates were
calculated based on the concentration of species remaining in the samples before and after

extraction.

Results and Discussion

Visual appearance after treatment

The effects of two extraction treatments (BT and CT) were compared on six artificially
contaminated woods (A1, A2, B, C, E, and F), and four different waterlogged archaeological
woods naturally contaminated with iron and sulfur species (D1, D2, G1, and G2). The
impregnation with Fe/S species gave a darker colour to artificially contaminated sets that
resemble then to archaeological wood (Figure 4.4). This change was especially remarkable in
fresh wood sets A1, A2, B, and E (Figure 4.4). Colorimetric measurements confirmed the visual
observations clustering together all samples after artificial contamination (Figure S 4.2). Only
set G1 was cluster away. Pine usually presents a clearer hue than oak, and it could be that this
set is not highly contaminated with iron and sulfur species preserving its original colour. Set
G2 also presented some cubes clustered away. This set presented an heterogenous colour what

would explain the wide distribution.

After extraction the chemical treatment presented the higher variation in colour in comparison
to the samples before extraction (Figure 4.5). The larger the value for the calculated AE*, the
greater the colour difference between the treated samples and the reference groups [31]. CT
presented high AE* values for all artificial contaminated samples. (Figure 4.5). D1, D2, G1,
and G2 sets also suffered colour changes but in lesser degree. Overall, all samples treated by
CT presented a colour changer superior to 5. AE* higher than 5 is considered to be a clearly
perceptible colour difference [35]. On the contrary, the biological treatment presented smaller
AE* values for all sets. The AE* for BT cubes was below 5 for C, D2, and G2 sets (Figure 4.5).
Appearance was especially similar in sets C and D2 with values below 3. The higher colour
change was observed for set G1 (AE*=16.5) (Figure 4.5). In general, the biological treatment
affected the appearance of oak samples less than the other species of wood, while the chemical

treatment affected all woods (Figure 4.5).
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Figure 4.4. Visual aspect of the wood samples at different steps of the experiment (T0: before impregnation, T1:
after impregnation and T2: after extraction). NT: untreated samples, BT: biological treatment, CT: chemical
treatment. A1 and A2 sets are fresh balsa, B set is fresh oak, C set is Neolithic oak, DI and D2 sets are

archaeological oak, E set is fresh pine, F set is waterlogged silver fir, Gl set is archaeological pine, and G2 set
is archaeological oak.
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However, when comparing to the reference sample the picture changes. In this case, BT
presented colour changes for fresh balsa, oak and pine (Figure 4.5). The artificial contamination
achieves wooden mock-ups that resemble waterlogged archaeological wood items. Therefore,
it is important that the treatments respect the appearance after artificial contamination.
However, in the case of fresh wood, past studies have used recovering the original colour as an
indicator of for successful iron extraction [3]. The biological treatment allowed maintaining the
aesthetical appearance from artificial contamination, while extracting considerable amounts of
iron (see below). For fresh wood, CT recovered a clearer colour closer to the “original”
appearance (Figure 4.4), but the colour variation was still superior than 5 (Figure 4.5).
Moreover, in the case of waterlogged wood artificially impregnated (C and F sets), the chemical
treatment seemed quite aggressive, and the final colour after treatment was not similar to the
original colour (Figure 4.4). Sodium persulfate used here as oxidant agent is known as an

oxidizing bleach. It can remove colour by adding oxygen to a dye structure.
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Figure 4.5. Difference between colour (AE*) depending on the extraction method applied (BT or CT) and in
untreated samples (NT), before and after extraction (above), and in reference to before any artificial
contamination (below).

Untreated samples were employed to evaluate present iron sulfides in wood without any
treatment. The colour variation shows that specially balsa wood suffers changes over time
(Figure 4.5). We observed a slight oxidation especially on the samples manipulated for analysis
(Figure 4.4). These are the expected changes when iron sulfides within the wood oxidise. The
transformation of iron sulfides to iron oxides and other salts is translated to a big change in

visual appearance [10].

Efficiency of the treatment

Raman analysis

Raman analyses allowed to characterize iron sulfides and other sulfur forms within the wood
[19], [36], [37]. Raman analyses of the NT wood samples showed that reduced sulfur
compounds were present on the artificially contaminated samples. Sets Al, A2, C, E and F
displayed the same spectrum as reference Fe;—xS (Table 4.3 and Figure S 4.3). Thus, the
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artificial contamination applied on some of the sets led to the formation of partially oxidized
mackinawite (Fei—«S). Elemental sulfur was identified only on set B samples (fresh oak) with
characteristics bands at 152, 220 and 473 cm™! (Table 4.3 and Figure S 4.3). Raman spectra on
the surface of sets D1, D2, G1 and G2 did not reveal the presence of any inorganic compounds.
Therefore, iron and sulfur detected in these samples with the previous spot test skipped the
detection with Raman spectroscopy. Their concentration within the wood may be low or

heterogeneous. EDS analyses described in section 4.3, confirmed this hypothesis.

After extraction, Raman analyses did not detect reduced sulfur compounds on the surface of
BT samples (Table 4.3 and Figure S 4.3). These results together with the extraction rates suggest
that the proposed microbial treatment was efficient in extracting iron and sulfur at least from
the surface of wood cubes. On the contrary, CT samples still presented some reduced sulfur
compounds, what agrees with the lower sulfur extraction rates calculated. Mainly, elemental

sulfur was identified on sets A2, C, E and F (Table 4.3 and Figure S 4.3).

Table 4.3. Compounds identified by Raman spectroscopy depending on the treatment: untreated (NT), biological
treatment (BT), and chemical treatment (CT). Adapted from [38].

Compounds identified:
Set Mineral sulfur (c-Ss) mZ:;iril;gi?exszZfS) Wood substrate
152. 220. 470 em’! 400, 580, 650, 930, 1270,

T 119, 282, 360 cm’! 1330, 1480 cm’!
Al NT NT, BT, CT
A2 CT NT NT, BT, CT
NT NT, BT, CT
CT NT NT, BT, CT
D1 NT, BT, CT
D2 NT, BT, CT
E NT, CT NT NT, BT, CT
F CT NT NT, BT, CT
Gl NT, BT, CT
G2 NT, BT, CT
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For all sets, some bands at 400, 580, 650, 930, 1270, 1330 and 1480 cm™! (Figure S 4.4) were
observed and attributed to wood substrate [39]. Raman analyses on the wood could also be used
in parallel to FTIR as risk evaluation in the future. In this case, is also possible to measure the
difference between peaks corresponding to wood components that may change if degradation
occur over the extraction. Also, further analyses should be performed on the samples core,
before and after extraction, to evaluate how deep extraction of iron and sulfur species occurred.
Moreover, this technique allows statistical analyses to be performed to assess the efficiency of

the treatments under study.

Total extraction rates

The preservation strategy for waterlogged archaeological wood may vary depending on the
species of wood, the level of degradation of the wood, and the sulfur and iron species within
the wood. Three different species of wood with different degradation states, and different iron
and sulfur species allowed us to evaluate the efficiency of the biological treatment under study.
The artificial contaminated samples (Sets Al, A2, B, C, E, and F), in comparison with the no
contaminated samples (Sets D1, D2, G1, and G2), showed a much higher concentration of iron
and sulfur within the wood (Table S 4.5 and S 4.6). The archaeological samples without
artificial contamination come from freshwater locations. Moreover, the samples are pre-Iron
age and no iron artefacts co-exist in the burial environment. These conditions are not expected
to favour high iron sulfides accumulation within these woods [20]. All the iron measured within

the wood must come from the surrounding burial environment.

The efficient extraction of iron and sulfur species from all the tested sets was followed over
time. The release of iron and sulfur was measured in the extraction solutions. Moreover, at the
end of the different treatments, the remaining amounts of iron and sulfur in the wood were
controlled. The iron extraction rates for the bio-treatment were in general around 50-75%
(Figure 4.6). These rates are lower than the observed previously in section 4.1. Differences may
be consequence of treating six cubes of bigger dimensions with a concentration in DFOM only
~4 times higher. However, sulfur rates were closer pointing out that the differences in iron
extraction may be due to the diffusion of the iron-siderophore complex out of the wood being

slower in bigger wood samples.
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Figure 4.6. Percentage of total iron (above) and sulfur (below) extraction for treated (BT and CT) and untreated
(NT) sets of wood (A, B, C, D1, D2, E, F, G1, and G2).
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Extraction rates lower of 50% were calculated for set D2 (Figure 4.6). This set is ancient oak
highly decayed without artificial contamination. The reason why this group of wood showed a
lower efficiency of the bio-treatment is uncertain. Different factors influence the extraction rate:
1) Diffusion of the ligand into the matrix, 2) formation of the iron-ligand complex 3) diffusion
of the complex out of the wood, and 4) amount of iron-chelator complex already existing in
solution [40]. All listed factors could influence the lower extraction rates. No further
experiments were carried out at this point to define formation constants or diffusion rates.
However, we observed that even after intensive rinsing of the cubes with deionised water, iron-
DFOM complex was still being released from the cubes. We assume that the diffusion of the

complex out of the wood cubes is slow.

Nonetheless, similar iron extraction rates in the majority of the sets treated with BT give
encouraging results in terms of application of DFOM to different wooden objects with different
characteristics (e.g. degradation state, wood specie, iron and sulfur compounds, etc.). The
extraction rates can be increased by longer time of application, or by renew of the chelating

solution [40].

In parallel, the chemical treatment used as reference in this study showed very good iron
extraction rates for almost all treated woods (Figure 4.6). Iron extraction rates of almost 100%
were achieved for A, C, D2, E, and G2 sets. This method was previously used in archaeological
oak samples giving the best results [3]. 30% iron was extracted there after 24 h. In our case, a
longer time may have allowed higher extraction rates. However, sodium persulfate is a harmful
compound that requires safety precautions [3]. Also, it appeared to be highly corrosive. The
samples were tagged with iron steel needles that corroded completely during this treatment.
That would explain why in some cases the extraction rate was negative, having more iron after
than before extraction (set G1). This was not observed with the biological treatment. The strong
specificity of DFOM for iron as Fe** (logKt ~ 30) prevents the siderophore from corroding iron

steel [11] Moreover, DFOM is safe to use and does not require special safety equipment [5].

Sulfur extraction was not as efficient when applying CT. Only balsa wood presented an
extraction rate of 83% (Figure 4.6). For the other sets, the rates were always 40% or below and,
in some cases, the treatment even seemed to add sulfur to the wooden mock-ups. Sodium
persulfate (Na,S>0g) could have left residual sulfur that bond to the wood and was not removed
with the intensive rinsing. These first results showed that the biological treatment, was more

efficient regarding sulfur extraction.
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In BT treated samples, the average sulfur extraction for all sets is around 40%. However,
differences are observed between the sets. The higher sulfur extraction was 76% for set C
(Figure 4.6). On the contrary, no sulfur extraction or very low amount was measured for D2
and G1 sets. In this case, the variation between sulfur extraction rates did not correlate with
wood species or state of degradation (Figure 4.6). In general, higher sulfur extraction rates were
observed for the wood sets artificially contaminated. Both D2 and G1 sets are archaeological
samples used as reference for natural iron and sulfur contamination. The contamination of iron
and sulfur here could be heterogenous. ICP-OES analyses are destructive and the samples used
as before were not the ones being treated. Therefore, it could be that by chance the cubes used
for the analysis after treatment had higher amounts of sulfur in the starting point. ICP-OES and

IC analyses detected sulfur in solutions when treating these two sets (Table S 4.5 and S 4.6).

Oxidation of sulfur species

Most sulfur and iron was extracted from the wood in the first step of the bio-treatment. Studies
have shown that the extraction of iron correlates with the extraction of sulfur species [2]. In the
first step of the biological treatment, we measured high amounts of sulfur in solution (Table S
4.6). However, not all sulfur can be co-extracted with iron [2]. The goal of the 7. denitrificans

step is the oxidation of the remaining sulfur.

Raman analyses detected different sulfur species on the wood surfaces of the cubes (Figure S
4.4). Partially oxidised mackinawite (Fei—xS) and elemental sulfur (a-Sg) were detected on
some artificially contaminated cubes. The oxidation of these species by 7. denitrificans has

been previously described [15], [41]:
5FeS + 8NO; + 8H* — 4N, + 5Fe?* + 5507~ + 4H,0 (2)
550y + 6NO3 + 2H,0 —» 550;~ + 3N, + 4H" 3)

Assuming that some of these species were still in the different woods after the DFOM step,

ratios of depleted nitrates/produced sulfates were calculated for all wood sets (Table 4.4).

Some of the artificial contaminated sets (Al, A2, C, E, and F) showed a slight decrease of
nitrates related to a slight increase of sulfates over time (Figure 4.7). Partially oxidised
mackinawite was detected in both sets of balsa wood (A1 and A2), in untreated samples (Table
4.4). However, the calculated ANO3/ASO4* ratios were higher than the theoretical one for
equation 2 (Table 4.4). Previous studies have shown that the presence of high concentrations of

hydrogen sulfide could change denitrification (NO3~ — N;) towards dissimilatory nitrate
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reduction to ammonia (NO3” — NH4") [42]. The levels of sulfide and ammonia were not

controlled, but this could be an explanation for the higher consumption of nitrates.

Partially oxidised mackinawite was also detected in sets C, E, and F (Table 4.3). The calculated
ANO3/ASO4* ratios here were 1.68, 2.02 and 1.71, respectively (Table 4.4), and partially
oxidised mackinawite was not detected after biological extraction (Table 4.3). Untreated
samples of set E also presented elemental sulfur, that was not detected after BT (Table 4.3). In

this case, it is possible the oxidation of both sulfur species at the same time.

Among the artificially contaminated sets, set B presented a high decrease in nitrates arriving to
complete depletion (Figure 4.7). Mineral sulfur was detected in untreated samples of this set by
Raman spectroscopy (Table 4.3). However, the total consumption of nitrates is higher than
expected for the total amount of sulfates detected, if we consider a complete oxidation of
mineral sulfur to nitrogen (Eq. 3). Some studies have seen that a partially reduction of nitrogen

to nitrites can also occur here [16], [43]:
178y + 24NO3 + 8H,0 —» 6NO; + 9N, + 1750;~ + 16H* 4)
Swy+ 3NO3 + H,0 —» 3NO; + SO;™ + 2H* (5)

A considerable number of nitrites (615.99 mg/L.) was detected in the solution of set B after 23
days. Moreover, the calculated consumed nitrates/produced nitrites ratio (ANO3;/ANO> =1.48)
is closer to the theoretical ANO3;/ANO;  ratio of the last reaction. Still, equation 5 does not
relate the production of sulfates to the consumption of nitrates detected. Theoretical ratio ANO3
/ASO4* is 3, while the calculated one is 13.24. The high consumption of nitrates could be due
again to reduction to ammonia [42]. Another possibility for the high consumption of nitrates is
the heterotrophic denitrification using organic compounds from cell lysis or from the wood
material [41], [44], [45]. However, this would imply that other microorganisms are thriving in
the solution as 7. denitrificans is an obligately chemolithoautotrophic bacterium [46]. The
samples used in this experiment were not sterilised before treatment. There is the possibility
that other microorganisms could have developed. Controls with sterile wood could help to

understand the influence of other microorganisms in future experiments.

The four archaeological wood sets (D1, D2, GI, and G2) also showed a remarkable
consumption of nitrates over time, arriving also to complete depletion in set D1 (Figure 4.7).
However, sulfur species were not detected in these sets by Raman spectroscopy before

treatment (Table 4.3). Spot tests conducted to select the samples, ICP-OES and EDS analyses
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(section 4.3), only revealed sulfur but not which species. Therefore, the calculated ratios shown

in Table 4.4 are an assumption that some sulfur species were present in these sets.

Nevertheless, the amounts of sulfates detected in solution did not correlate with the high number
of nitrates consumed. High ANO3/ASO4?* ratios were calculated for naturally contaminated sets
(Table 4.4). Nitrates could have been used for other metabolisms by autochthonous bacteria
[47]. For example, wood chips have been suggested as a method for denitrification of
wastewaters [45]. Bacteria use the wood as carbon source and carry out a heterotrophic
denitrification. This hypothesis could explain why we observe only a slight increase of sulfates
over time, against a high decrease in nitrates (Figure 4.7). No pre-treatment, such as biocides
or autoclave sterilization, was performed in in any of the wood sets. We assume a natural
community could be inhabiting these woods (see section 4.3). As before, controls where the
wood was previously sterilised could help to establish the effects of autochthonous microbiota

in the overall efficiency of the bio-treatment.

Figure 4.7. Nitrates (®), nitrites (¢), and sulfates (m) concentrations (mM) over time. Anions concentrations were
measured in the different solutions containing the six wood cubes of each set (A1, A2, B, C, DI, D2, E, F, G1, and
G2).
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Table 4.4. Mass balance of educts and products for the oxidation of reduced sulfur compounds by T. denitrificans

after 23 days of incubation.

- 2- -
NOs 504 NO: ANOy ANO3/ANOY
Set depleted produced produced JASOL? ratio ratio
[mM] [mM] [mM] !
Al 3.64 0.85 - 4.28 -
A2 3.53 1.01 - 3.51 -
19.79 1.49 13.38 13.24 1.48
2.62 1.56 - 1.68 -
D1 19.79 1.64 - 12.08 -
Calculated
D2 9.84 1.97 - 4.98 -
E 2.19 1.08 - 2.02 -
F 1.81 1.06 - 1.70 -
Gl 14.69 1.38 - 10.68 -
G2 14.71 1.54 3.55 9.54 4.14
Eq.2 8 5 1.6
Eq.3 6 5 1.2
Theoretical
Eq. 4 24 17 6 1.4 4
Eq. 5 3 1 3 3 1

Nitrites were observed in solution in set G2. Again, Raman analysis did not show any sulfur
specie in the surface of this wood. However, if we assume that sulfur species may be found
within the wood, the calculated ANO3;/ANO» ratio was close to the theoretical ratio for equation
4 (Table 4.4). Still, the theoretical ANO3/ASO4* ratio for this reaction is also much lower than
the calculated one (Table 4.4), what implies one more time, that nitrates had to be consumed
by other parallel pathways. IC results compared to ICP-OES results showed that only a small
fraction of the total sulfur detected in solution after step 2 of the BT was as sulfates (Table 4.4).
In fact, ICP-OES detected much more sulfur in solution than IC. Previous studies have shown
that the detection of sulfur by these techniques can be compared and no differences are observed
[48]. Therefore, we still have sulfur extraction here that could be due to residual DFOM from
the first step. The wood cubes were rinsed between steps until no more DFOM solution was
observed to leave the cube. However, after some time in incubation with 7. denitrificans, the

solution turned orange-red, characteristic colour of Fe-DFOM complex [6]. The diffusion of
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the iron-siderophore complex from the wood is a slow process. Intensive rinsing after BT was

needed to clean out all the extraction solution.

In general, sets where more depletion of nitrates was observed presented a higher percentage of
sulfates (Table 4.5). One exception is set E, where a 50.53% of sulfates was calculated. If we
check the amount of total sulfur in solution for set E (Table 4.5), is much lower than for the

other sets. In this case, most of the sulfur must have already been extracted in step 1 of the BT.

Table 4.5. Comparison of amounts of sulfur in solution after the second step of the biotreatment.

Set Amount of sulfur in Amount of total sulfur in % of sulfur as
solution as sulfate (mM)* solution (mM)" sulfate
Al 0.85 32.75 2.60
A2 1.01 64.60 1.56
B 1.49 6.25 19.95
1.56 32.71 4.77
D1 1.64 12.62 12.98
D2 1.97 15.10 13.08
E 1.08 2.15 50.53
1.06 97.59 1.09
Gl 1.38 17.18 8.01
G2 1.54 18.70 8.24
2 Calculated with IC.

b Calculated with ICP-OES.

Risk evaluation

pH measurements

After artificial contamination, the pH of the cubes increased to values between 10 and 13 due
to the impregnation solution. This elevated pH reduced after the application of the different

extraction treatments (Figure 4.8).
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Figure 4.8. pH variation measured on the surface of the cubes for all sets before and after extraction treatment.
BT: biological treatment, CT: chemical treatment, and NT: untreated.
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The pH was measured on the cubes surfaces after extraction and rinsing with deionised water.
The biological treatment is not buffered during the DFOM step and buffered to neutrality (pH
7) during the bacteria step (Figure S 4.5). During the DFOM step, the pH varies depending the
amount of iron in solution. With high amounts of iron, the pH is quite constant around 8.4 (pKa
DFO~8.4 ) [11], [12]. Sets D1, D2, G1 and G2 that presented lower concentrations of iron,
maintained a lower pH in solution (5-6) during this step. During the application of T.
denitrificans, all solutions remained close to pH 7, some increasing a little (Figure S 4.5).
However, the pH on the surface of the cubes after BT and rinsing was close to the pH of
deionised water, between 5.3 and 6.1 (Figure 4.8). The extraction solutions were efficiently
removed, and the pH was in range to the values observed in the reference woods. Fresh woods

presented a pH ~5 before contamination.

The CT used as reference here presents acidic conditions (pH 1.5—4). The first step of the CT
is the most acidic, the cubes were exposed to pH of 1.5 for 24 h (Figure S 4.5). However, at the
end of CT and after rinsing, the cubes recovered to a pH on surface ~4 (Figure 4.8). Most
species of wood are naturally acidic, having a pH between 4.0 and 5.5 [49]. Still, cellulose and
hemicellulose dissolve in strong acids [50]. In case longer application times are needed, this

protocol would be very harmful for the wood components.

Untreated cubes suffered a decrease in the surface pH over time. This could be due to the wash
out of the impregnation solution or because of the oxidation of the iron and sulfur species
formed. The oxidation of these species is usually related to the production of acids and decrease

in pH [10].

FTIR analyses

The secondary effects of the treatment in the wood were controlled by FTIR. Before extraction,
differences could be observed between the spectra from fresh and archaeological wood sets
(Figure S 4.4). Vibrational bands at 1034 and 1059 cm™! were very intense for fresh wood and
decreased in intensity for archaeological wood sets. Only set F (Figure S 4.54 which is lake
pinewood presented a mean spectrum similar to fresh samples. These bands were assigned to
C—O stretching of holocellulose and lignin [51]. Moreover, the intensity of vibrational band at
1738 cm ™! assigned to C=O0 stretching in xylan, a component of hemicellulose [52], decreased
for archaeological wood sets. All these observations suggested a higher decay of holocellulose
within the archaeological wood sets. Archaeological samples displayed intense band at 1650

cm ! attributed to H,O deformation due to the water absorbed by the wood during burial time
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(Figure S 4.4). The vibrational bands at 1237 and 1267 cm™! were assigned to C—O stretching
(lignin and xylan) and to C—H and O-H wagging (cellulose and xylan) [27], [53]. Generally, a
higher intensity of these bands was observed for fresh wood presenting differences between the

wood species.

After extraction, FTIR spectra recorded on untreated (NT) samples were considered as
reference for the characterization campaign. The bands at 1034 and 1059 cm™! were still
observed for fresh samples (Figure S 4.4). All sets presented adsorbed water with a
characteristic band at 1650 cm™! after artificial contamination. Archaeological samples still had
bands less intense in the range 1400-1200 cm™!, suggesting that the protocol of degradation of
fresh wood was not comparable to natural degradation. However, none of the sets displayed the
band at 1738 cm ™!, meaning that xylan content was probably successfully degraded for all wood

samples (Figure S 4.4).

Table 4.6 shows the calculated ratios from FTIR bands (RI=I(1158)/I(1506),
R2=1(1374)/1(1506), and R3=I(1034)/I(1506)). Ratios estimate the amount of carbohydrates
over lignin. When comparing to fresh wood, a general decrease of the ratios was observed. This
suggests a degradation of holocellulose content after artificial degradation and contamination.
However, pinewood artificially contaminated sets showed special behaviour. The artificial
contamination did not degrade wood content as the values for R3 ratio in NT samples in sets E
and F are in the same range as fresh pine. R3 ratio is based on the height of the vibrational band
at 1034 cm™! attributed to C-O stretching of holocellulose and lignin [52]. Comparing with
literature, waterlogged pine wood generally present higher ratio values than oak species [54].
It seems that the impregnation protocol has a different effect depending on wood specie leading
to different states of carbohydrates degradation. Intern structure of these pinewood species
(porosity, presence of resin canals) may lead to different degradation processes. For example,
Neolithic pine was reported to be a yellow and hard wood while Neolithic oak was described
as yellow-red wood with the heartwood well preserved, but the sapwood often decayed [55].
To reach similar state of degradation, a longer water pre-immersion time or increase of vacuum,
forcing the structure to collapse should be applied on fresh wood samples (A1, A2, Band E) in

further experiments.

After extraction, whatever the treatment (BT or CT) applied, the ratios calculated were in range
with the reference ones (NT) (Table 4.6). This observation suggests that the extraction methods
did not have any impact on the wood matrix. The treatment applied on the samples did not

affect the carbohydrates content, whether it was a chemical or a biological treatment. Previous

218



4.2

Evaluation of the application protocol

experiments have already demonstrated that 7. denitrificans was harmless for wood substrate

(Chapter 3). Iron extraction with siderophores as first extraction step did not interfere with the

substrate neither. However, CT application led to an important aesthetic change (Figure 4.4). If

the ratios are not impacted, the hypothesis is that minor wood components such as extractives

may react during extraction, or the action of the persulfate could lead to discoloration of the

wood surface.

Table 4.6. FTIR ratios (RI=1(1158)/1(1506), R2=I(1374)/I(1506) and R3=1(1034)/I(1506)) calculated. Adapted

from [38].

Set E’I‘Ifz;::;’“ R1 (H/L) R2 (C/L) R3 (H/L)
Fresh balsa ; 1.16 (£0.05) 1.07 (£0.03) 1.65 (£0.24)
Ref:  Fresh oak - 1.08 (£0.04) 1.01 (£0.03) 1.55 (£0.20)
Fresh pine ; 1.05 (£0.01) 1.00 (£0.00) 1.21 (£0.04)
BT 0.91 (+0.03) 0.94 (£0.01) 1.05 (£0.07)
Al CT 0.93 (+0.02) 0.94 (0.00) 1.10 (£0.07)
NT 0.88 (0.02) 0.93 (+0.01) 0.97 (+0.05)
BT 0.93 (£0.02) 0.94 (£0.01) 1.07 (£0.07)
A2 CT 0.92 (+0.03) 0.95 (+0.01) 1.07 (£0.07)
NT 0.89 (0.02) 0.94 (+0.01) 0.99 (+0.05)
BT 0.95 (+0.04) 0.94 (£0.01) 121 (20.13)
B CT 0.98 (0.03) 0.94 (+0.01) 130 (£0.11)
NT 0.92 (+0.04) 0.98 (0.03) 1.17 (0.11)
BT 0.87 (£0.01) 0.91 (£0.01) 0.95 (+0.03)
C CT 0.85 (+0.01) 0.91(x0.01) 0.90 (0.03)
NT 0.90 (0.01) 0.91 (+0.01) 0.99 (0.03)
BT 0.89 (+0.02) 0.91 (£0.01) 0.98 (+0.03)
DI CT 0.88 (0.03) 0.91 (+0.01) 0.98 (0.03)
NT 0.90 (+0.01) 0.92 (+0.01) 1.01 (£0.03)
BT 0.86 (£0.01) 0.91 (£0.01) 0.94 (+0.03)
D2 CT 0.87 (0.06) 0.92 (+0.03) 0.96 (+0.12)
NT 0.85 (0.02) 0.92 (0.00) 0.91 (0.04)
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Table 4.6. Continuation

BT 1.01 (+0.06) 0.97 (£0.02) 1.47 (+0.02)
E CT 1.00 (+0.05) 0.96 (+0.02) 1.42 (+0.18)
NT 0.97 (£0.03) 0.95 (+0.01) 1.24 (£0.11)
BT 0.95 (£0.09) 0.95 (0.03) 1.31 (0.37)
F CT 0.98 (£0.09) 0.96 (+0.03) 1.37 (+0.34)
NT 0.98 (+0.06) 0.95 (+0.02) 1.27 (+0.26)
BT 0.85 (£0.02) 0.92 (+0.01) 0.93 (£0.07)
Gl CT 0.87 (£0.04) 0.93 (£0.02) 0.98 (£0.10)
NT 0.84 (£0.01) 0.92 (£0.01) 0.90 (£0.06)
BT 0.85 (£0.01) 0.91 (£0.01) 0.89 (£0.02)
G2 CT 0.88 (£0.03) 0.91 (£0.01) 0.95 (£0.09)
NT 0.83 (£0.00) 0.92 (+0.01) 0.84 (£0.03)

Conclusion

Eco-friendly solutions for the conservation of cultural heritage are promising if their outcomes
are comparable with traditional methodologies. After application of the defined biological
treatment (BT), reduced sulfur compounds identified by Raman spectroscopy were not detected
anymore, while elemental sulfur was still present in softwood samples (sets E and F) after
chemical treatment (CT). The wood type may have higher impact on the efficiency of the
chemical extraction than in the one of the bio-based treatment. BT was compatible with all the
different type of wood used in this study. Performance was not influenced by the species of
wood nor the state of degradation. However, iron extraction was lower for BT than CT. EDTA
was applied in higher concentrations than DFOM, and the latest has a higher molecular weight,
what may influence diffusion. Even so, we obtained extraction rates of ~75% for five wood sets
(B, D1, E, F and G2). Improving the efficiency of the BT for iron extraction could involve

longer extraction times, or ideally several consecutive extractions with DFOM.

On the contrary, sulfur extraction rates were higher for BT than CT, as expected taking into
account the Raman results. Sulfates were detected in solutions with all wood sets treated with
T. denitrificans. In some cases, higher concentrations of sulfates were expected in relation to
the number of nitrates consumed. Especially in archaeological samples not artificially

contaminated, we observed high ANO3;/ASO4* ratios. Other metabolisms, such as
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heterotrophic denitrification, may have participated and/or autochthonous bacteria may have
used the sulfates produced to form again hydrogen sulfide. In the next section (section 4.3), the
study of the microbial community of samples from wood sets C and F, before any treatment or
artificial contamination, revealed bacteria from genera that are known as denitrifying bacteria
and others that are sulfate-reducing bacteria. Therefore, for future applications, is important to
keep in mind the effect that the inhabiting bacteria may have in our extraction protocol. Further
experiments including sterilized wood cubes could help to understand the effects of the
autochthonous microbial community. Moreover, in this first experiment abiotic controls were
not included. Therefore, the sulfates produced could also come from abiotic oxidation. Future
research should determine up to what point the oxidation step with 7. denitrificans is needed,
especially if this step allows the development of autochthonous bacteria, and to evaluate the

impact of extracting sulfur as dissolved sulfides instead of sulfates during the DFOM step.

Both treatments showed no further wood degradation as observed with FTIR measurements.
Although, CT had a higher impact on the visual aspect of the wood samples. pH during
treatment was highly acidic at some points of the CT, while the bio-based protocol kept more
circumneutral conditions. Moreover, the bio-treatment can be considered more respectful for
the environment and human health. EDTA is consider problematic as it tends to bioaccumulate
in natural environments [56], and sodium persulfate is consider hazardous for the user requiring
a specific training to be handled. Deferoxamine is not toxic and expected to degrade in the
environment. 7. denitrificans is a non-pathogenic bacterium (risk group 1) and the growth

medium used does not represent either big environmental issues.

Mock-ups were useful in this study as the access to WAW samples is not always possible.
However, the use of WAW samples with higher accumulation of iron sulfides is essential to

further evaluate the defined extraction protocol.
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Supplementary Material 4.2

Figure S 4.2. Distribution of the wood cubes of all the different sets (A1, A2, B, C, DI, D2, E, F, Gl and G2) in
L*-a*-b* colour space at T0 (above), and after impregnation-before extraction (T1) (below).
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Table S 4.6. Extraction rates of total iron for the two extraction methods (biological treatment (BT), and chemical
treatment (CT)) under study.

Total iron Total iron Total iron in Total iron
in solution in solution wood before  remaining in % of iron
Treatment Set after 1% step after 2" treatment wood after
(mgFe/g step (mg Fe (mgFe/g treatment (mg extracted
wood)? / g wood)® wood) Fe / g wood)

2.68 1.43 17.41 6.62 61.97

1.17 0.53 8.22 223 72.91

2.48 1.67 14.64 7.40 49.46

D1 0.32 0.15 1.36 0.47 65.15

BT D2 0.41 0.15 3.10 2.26 27.14

E 2.86 1.56 10.11 3.63 64.07

F 1.95 1.34 7.58 1.93 74.59

Gl 0.07 0.05 0.30 0.16 46.16

G2 0.48 0.20 2.04 0.69 65.75

6.03 2.82 17.41 0.02 99.88

2.75 2.38 8.22 3.05 62.89

5.44 6.31 14.64 0.05 99.63

D1 0.59 1.33 1.36 1.27 6.56

CT D2 0.72 2.96 3.10 0.12 99.59

E 2.98 5.07 10.11 0.02 99.78

F 1.87 3.86 7.58 6.38 15.75

Gl 0.64 0.58 0.30 5.37 0.00

G2 0.51 139.19 2.04 0.05 97.50

a 1%t step of the extraction method refers to the siderophores (DFOM) solution for BT, and sodium persulfate
solution for CT.

b2nd step of the extraction method refers to the bacteria (7. denitrificans) solution for BT, and EDTA solution for
CT.
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Table S 4.7. Extraction rates of total sulfur for the two extraction methods (biological treatment (BT), and
chemical treatment (CT)) under study.

Total sulfi Total sulfi
Total sulfur  Total sulfur otal suftur otal suftur

in solution in solution in wood remaining in
Treatment Set after 1% step after 20 before wood after % of sulfur
(mgS/g step (mg S / treatment treatment extracted
wood)™" g wood)® (mgS/g (mgS/g
wood) wood)

- 10.79 3233 15.07 53.37
- 3.26 7.21 5.24 27.24
- 4.78 16.69 4.08 75.58

D1 - 1.82 2.09 1.42 32.15

BT D2 - 1.93 2.09 4.02 0.00
E - 1.86 28.41 12.85 54.77

- 15.96 12.01 4.01 66.66

Gl - 2.47 3.81 4.01 0.00

G2 - 2.95 3.07 1.39 54.90

0 7.83 3233 5.47 83.07

0 5.21 7.21 23.36 0.00

0 6.86 16.69 15.54 6.92

D1 4.05 8.59 2.09 4.51 0.00

CT D2 9.12 6.32 2.09 5.11 0.00
E 0 3.99 28.41 16.86 40.64

11.73 7.01 12.01 6.38 43.30

Gl 11.85 5.04 3.81 3.53 7.25

G2 7.46 6.45 3.07 3.47 0.00

@ 1t step of the extraction method refers to the siderophores (DFOM) solution for BT, and sodium persulfate
solution for CT.

b21d step of the extraction method refers to the bacteria (7. denitrificans) solution for BT, and EDTA solution for
CT.

* Accurate calculations of sulfur concentrations in the solution of the BT-DFOM step were not possible due to
interferences in the method used (ICP-OES).
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Figure S 4.3. Raman spectra of reference (Ref.) compounds sulfur (a-Ss,), pyrite (FeSz), and partially oxidized mackinawite (Fei-xS). Raman spectra obtained on untreated
(NT), biologically treated (BT), and chemically treated (CT) samples. Elemental sulfur (S) and partially oxidized mackinawite (M) characteristics shifts are indicated.

225



Chapter 4 EVALUATION OF A BIOLOGICAL EXTRACTION METHOD

Figure S 4.4. FTIR spectra recorded on the surface of the cubes before any treatment or artificial contamination (Ref.), untreated (NT), biologically treated (BT) and chemically

treated (CT). In the reference spectra, first spectrum corresponds to sets Al and A2 combined. The peak values indicated are related to wood components and defined in the
text.
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Figure S 4.5. pH variation measured on the extraction solutions of the biological treatment (BT) and the chemical
treatment (CT) at the different steps of the extraction protocol. 0: pH in solution after adding the cubes, 1: pH in
solution at T0 of the first step (BT-DFOM, CT-Sodium persulfate), 2: pH in solution at the end of the first step, 3:
pH in solution at T0O of the second step (BT-T. denitrificans, CT-EDTA), and 4: pH in solution at the end of the
second step.
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4.3 Study of the microbial community

Abstract

Waterlogged wood represents an ideal habitat for the development of a specialised microbial
community. Culture, microscopic and DNA analyses have shown a hydrolytic population that
is responsible for the biodegradation of the wood material. Moreover, the decay
microorganisms are often accompanied by others with specific metabolisms, such as sulfate-
reducing bacteria (SRB). The autochthonous microbial community could interfere with the
above-defined extraction treatment, for instance, SRB metabolism is opposite to the desired
oxidation of sulfur. In this preliminary study, we investigated the microbial community of
different waterlogged wood samples. First, freshwater wood samples from Biel Lake and other
Swiss locations were incubated with fresh wood to detect if the microbial community was still
active. Growth was positive, but microscopic analysis revealed that the colonization of the fresh
wood samples was very low or inexistent. Longer time periods are needed for the proper
establishment of the community in fresh wood. The biodegradation process by bacteria is
usually defined as slow. Fungi development was not observed with our samples. Also,
microscopic analysis did not show sign of fungal attack. Finally, DNA was extracted from some
of the wood samples and the bacterial community was analysed. Differences were observed
between oak and silver fir samples in terms of alpha and beta diversity. Overall, silver fir
samples presented higher bacterial diversity. The taxonomy composition indicated that oak
samples were dominated by the phylum Proteobacteria; while silver fir samples had taxa
belonging to the phyla Proteobacteria, Firmicutes, Actinobacteria and Chloroflexi in higher
abundance. Genera Janthinobacterium, Pseudomonas and Flavobacterium were detected in all
samples, showing some members of the wood degraders community. Moreover, genera like
Desulfomonile, Desulfosporosinus and Desulfovibrio were also detected. These results
confirmed a bacterial community composed by wood degraders and scavenging bacteria,

including SRB.

Introduction

Bio-based methods constitute a promising approach for the preservation of cultural heritage.
Many examples have shown the effectiveness of biological processes to clean, repair, and
protect heritage artefacts [57]-[60]. However, to define an efficient strategy for the preservation
of cultural heritage, it is important to characterize the present autochthonous microbial

community. Undesired metabolisms or uncontrolled microbial colonization could occur as
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consequence of the treatment [61]. For example, in the past, some biocide treatments triggered
the development of more resistant and harmful microorganisms [62]. Today, molecular
methods to identify the inhabiting microbial community are widely adopted in the field of
cultural heritage to have a clearer picture of possible interactions with preservation treatments

[62], [63].

Waterlogged wood is decayed mostly by bacteria as fungal activity is reduced in waterlogged
environments [64]. Many studies have investigated the degrative activity of microorganisms in
WAW through microscopic and isolation/culture analysis [28], [51], [65]-[67]. The visual
observations detected specific morphologies of wood decay, and the bacteria were divided into
three groups, i.e. erosion, tunnelling, and cavitation bacteria [28]. These bacteria form the group
of primary degraders of waterlogged wood (or simply referred as erosion bacteria, EB).
Moreover, EB are usually associated with scavenging bacteria. Scavenging bacteria profit from
the residual material left by the proper wood degraders. Sulfate-reducing bacteria (SRB), are
commonly detected as scavenging bacteria, and a possible consortia between primary wood
degraders and SRB cannot be ruled out [28]. Yet, little is known about the taxonomy of the
bacteria colonising WAW. Some studies in pure cultures of erosion bacteria revealed species
belonging to the CFB (Cytophaga—Flavobacterium Bacteroides) complex [67], [68]. Other
research, also in pure cultures, showed the presence of Spirochaetes, Alpha-, Beta- and Gamma-
Proteobacteria [69]. However, culture-based analysis can skip part of the population. More
recently, next-generation sequencing (NGS) was applied to study WAW samples and gain
insight of the autochthonous microbial community of such objects. These studies certified the
presence of CFB bacteria, and also revealed the presence of other microorganisms with ability
to degrade complex organic materials, such as Pseudomonas, Janthinobacterium or Halomonas
[70], [71]. Moreover, in all cases bacteria involved in the iron and/or sulfur cycle were found

representing a small fraction of the community [70]—[72].

In this preliminary study, the aim was to analyse different waterlogged wood pieces to better
understand possible interaction between the defined biological extraction treatment and the
autochthonous microbial community. In this experiment, we focused only on the archaeological
samples from the previous section (wood sets C, D1, D2, F, Gl and G2). Moreover, DNA
analyses were conducted in wood samples only before the biological extraction treatment.
Therefore, the original microbial community of WAW samples was studied here and not the

community present during treatment. Still, complementary culturing and DNA analyses gave
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us a better understanding of the wood microbial community and the possible interaction with

the bio-treatment.

Materials and Methods

Isolation of EB-SRB

Parallelly to the extraction experiments of section 4.2, two pieces of wood of every waterlogged
wood set (C, D1, D2, F, G1 and G2) were incubated each with one cube of fresh pine of and
one cube of fresh oak wood of 2x2x2 c¢m? in independent jars. The wood cubes did not suffer

any artificial contamination or sterilization protocol before incubation with the new fresh wood.

Prior to addition of the wood, jars were filled with sterile BAK-7 medium [67], and autoclaved.
Fresh pine and oak wood were autoclaved in dry mode. The fresh and waterlogged wood were
then added to the jars in sterile conditions. Jars were incubated up-side down at RT. The growth
of EB-SRB was monitored over time taking small samples of fresh wood in sterile conditions
and analysing them under light microscopy. The production of hydrogen sulfide in the jars

detected as strong egg-like smell was also an indicator of growth.

Microscopy analysis

Light microscopy
Samples from the waterlogged wood sets (C, D1, D2, F, G1 and G2) were analysed before

incubation. Samples of fresh wood were investigated over time using light microscopy to detect
attack of EB. Thin cross, radial and tangential sections were cut by hand using a razor blade.
Sections were observed directly without staining and also after staining with 1% (w/v) red

safranin in ethanol to highlight the wood morphology.

Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS) analyses

Samples from the waterlogged wood sets (C, D1, D2, F, Gl and G2) were analysed before
incubation. After incubation, samples of fresh wood were selected to be analysed. Wood
samples were cut into small slices using a razor blade. Wood segments were fixed at RT with
3% (v/v) glutaraldehyde solution in 0.1 M sodium cacodylate (pH 7.2) for 3h, washed twice
and then dehydration steps were performed using different concentrations of ethanol (25%,

50%, 75%, 90%, 100% (v/v)) and then pure acetone.

Samples were mounted on stubs using carbon conductive tape. Samples were examined under
low vacuum without coating using a Thermo Scientific™ Scios™ 2 DualBeam™ (Thermo
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Fisher Scientific, United States) equipped with an energy-dispersive X-ray analyser (EDAX,
United States). Afterwards, the same samples were coated with a layer of gold using a Leica
EM SCDO050 (60 mA current, 5 cm, 5 s duration, argon gas), and examined again at high

vacuum using the same instrument.

DNA Sequencing

DNA extraction

In parallel to the isolation of EB-SRB and the extraction methods of previous section, DNA
analyses of some of the wood cubes were also conducted. At this point, the microbial
community of WAW coming from freshwater was studied. Eight wood samples were collected
from sets C (oak) and F (silver fir) right after excavation from Biel Lake (Switzerland). From
each wood, two samples were recovered right under the surface of the wood pole, and two from
the core of the wood pole. The samples were collected with the help of a sterile scalpel. All
samples were frozen right after collection and kept at -20 °C until analysis. Description of the
samples is included in table S 4.8. Later, 500 mg of each sample were used to extract total DNA.
Prior to extraction, wood samples were homogenized using an agate mortar previously
sterilized with ethanol. FastDNA® SPIN kit for soil was used according to the manufacturer's
instructions (MP Biomedicals, Unites States). After extraction, DNA concentrations were
measured with Qubit Fluorometer using the dsSDNA BR (broad range) and HS (high sensitivity)
Assay Kit (Invitrogen, United States).

Ethanol Precipitation of DNA

Ethanol precipitation of DNA was performed following the next protocol: 0.1 volumes of 3 M
sodium acetate were added with 2.5-3 volumes of pure ethanol (ice cold) to the extracted DNA.
The whole suspension was mixed thoroughly. Precipitation was done overnight at -20 °C.
Precipitated DNA was centrifuged at full speed (13000 rpm) at 4 °C for 30 min. The pellet was
washed twice with 0.5 mL ice cold 75% ethanol and centrifuged again for 10 min each time.
The ethanol was removed, and the pellet was spined quickly to remove trace amounts of
ethanol. The pellet was air dried and resuspended in an appropriate volume of nuclease free
water. DNA concentrations were measured again with a Qubit Fluorometer using the dsDNA

HS Assay Kit (Invitrogen, United States).

Polymerase Chain Reaction (PCR)

First assessment of the presence of bacteria and fungi in the samples was conducted by

polymerase chain reaction (PCR). PCR amplifications of the /65 rRNA gene (for bacterial) and
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the internal transcribed spacer (ITS) region (for fungi) were done using Taq DNA polymerase
(NEB) with ThermoPol buffer (New England Biolabs, United States). The reaction was
performed in a final volume of 25 puL containing 1X ThermoPol Buffer, 0.2 uM of forward
(16S: gm3f, ITS: ITS1F) and reverse primers (16S: gmdr, ITS: ITS 4), 0.2 uM of
deoxynucleotide triphosphate mix (Promega, United States), 1X bovine serum albumin (BSA),
1 U of Tag DNA polymerase and 2 pL (for 16S) and 1 pL (for ITS) of diluted sample (4 ng
DNA -uL ). The volume was completed with double sterilized Milli-Q® water. DNA of Bacillus
subtilis was used as positive control for the bacterial PCR and Aspergillus sp. for the fungal

PCR. In both cases, sterile distilled water was used as negative control.

PCR was performed with Thermo Scientific Arktik Thermal Cycler (Thermo Fisher Scientific,
United states). The program for the bacterial PCR was the following: initial denaturation at 94
°C for 10 min, followed by 35 cycles of 1) denaturation at 94 °C for 30 s, 2) annealing at 51 °C
for 45 s, and 3) elongation at 68 °C for 1 min. The final elongation was performed at 68 °C for
5 min. The program for the fungal PCR was the following: initial denaturation at 95 °C for 2
min, followed by 35 cycles of 1) denaturation at 95 °C for 30 s, 2) annealing at 61 °C for 30 s,

and 3) elongation at 68°C for 1min. The final elongation was performed at 68 °C for 5 min.

PCR products were checked by gel electrophoresis. The gel consisted of 1% (w/v) agarose in
0.5X TAE (Tris base, acetic acid and EDTA) buffer. 3 pL of StainIN™ GREEN Nucleic Acid
Stain (HighQu GmbH, Germany) were added to the gel. 5 pL of PCR product plus 1 pL of
loading buffer (Biotium, United States) were loaded to the gel along with a 1Kb Bench Top
ladder (Promega, United States) and run for 30 min at 100 V. The gels containing DNA were
visualized in GenoPlex chamber (VWR, United States). PCR showed no ITS amplification.

Further sequencing was conducted only for bacterial community.

Sequencing

Amplicon sequencing was performed on an Illumina MiSeq platform, using the services of
Fasteris SA (Switzerland). For the bacterial community analysis, the regions V3-V4 of the /65
rRNA gene were targeted using universal primers 341F (5’-CCTACGGGNGGCWGCAG-3’)
and 805R (5’-GACTACHVGGGTATCTAATCC-3’) [73]

The Ilumina reads were processed with QIIME 2 (version 2020.6) [74], according to the
standard pipelines. Raw sequence data was received demultiplexed. Directly after importing
was denoised using DADA?2 (via q2-dada2) [75]. All amplicon sequence variants (ASVs) were
aligned with mafft [76] and used to construct a phylogeny with FastTree 2 [77] (via q2-
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phylogeny align-to-tree-mafft-fasttree). Alpha diversity metrics (Shannon’s diversity index
[78], Chaol index [79], Pielou’s evenness [80] and Faith’s phylogenetic diversity [81]) and beta
diversity metrics (Bray-Curtis dissimilarity [82], and weighted UniFrac distance [83]) were
estimated using q2-diversity after samples were rarefied to 44698 sequences per sample (Figure
S 4.9). Taxonomy was assigned to ASVs using the q2-feature-classifier [84] classify-sklearn
Naive Bayes taxonomy classifier, trained against the most updated version of the SILVA
database (release 132) [85]. Assessment of significant variation of alpha diversity between
categories was determined using the Kruskal-Wallis test. Beta diversity significance was
calculated with PERMANOVA test. Graphics about taxonomic composition, multivariate

analyses and diversity analyses were done using Calypso [86].

Results and Discussion

Isolation and microscopy analyses

All analysed wood samples presented a high state of degradation, except for the samples of set
F (Figure 4.9). SEM analyses revealed highly decayed cells where the secondary cell wall was
detached from the middle lamella (Figure 4.9). The degradation was particularly evident when
comparing, set F samples to the other wood. Set F presented cells without cell wall detachment
or any kind of visual decay (Figure 4.9). The other samples showed the accumulation of debris
from the degradation in the lumen, a part of detached cell walls (Figure 4.9). The accumulated
granular material has been described as a mixture of bacteria, slime and residual lignin [64].

The observed decay is representative from the attack of EB [51], [64].
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Figure 4.9. Secondary electron micrographs of cross-sections from archaeological wood sets: (a) C, (b) D1, (c)
D2, (d) F, (e) G1, and (f) G2.
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Sulfur and iron were detected in some samples with EDS (Figure 4.10 and Figure S 4.6). The
detection was heterogenous with only some of the spots analysed showing these elements (44%
and 16% of iron and sulfur detection, respectively, in relation to all analysed samples). As
discussed in the previous section, these wood samples come from freshwater locations
(Switzerland) and are originated from pre-Iron age. These conditions are not expected to favour
high iron sulfides accumulation within the woods [20]. Even so, after a month of incubating the
WAW sets with fresh wood some of the bottles already presented a strong egg-like smell. This
indicates that sulfur bacteria were present in WAW and that although iron sulfides were not

detected (see Raman analysis in previous section), reduced sulfur is likely to be present.

Figure 4.10. SEM image and correspondent EDS spectrum (red area) of a thin wood cut from set G2.

At the end of the incubation experiment (4 months), most of the bottles had egg-like smell.
Especially, bottles incubated with sets C and D1 wood presented the strongest smell, and the
fresh wood acquired a black coloration (Figure 4.11). Thin sections from the fresh wood
incubated with sets C and D1 were selected to be analysed with SEM-EDS. Analyses revealed
some precipitates on the surface (Figure 4.11). In the case of wood incubated with set D1, some
sulfur and iron was detected with EDS (Figure 4.11). For the fresh wood incubated with set C,
mineral concretions were observed with SEM, but in this case, the elemental composition was
mostly phosphorous and iron (Figure 4.11). Sulfur was also detected in the analysed fresh wood
samples incubated with set C, but in lower proportion (Figure S 4.7). Previous studies that
incubated an EB-SRB consortium with fresh pine wood detected high accumulation of sulfur

in all samples [28]. However, this study incubated the samples for over 2 years and the inoculum
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was an isolated EB-SRB consortium instead of wood pieces [28]. Long incubation periods may

turn out to similar accumulation of sulfur in the fresh woods.

Figure 4.11. Visual aspect of the culture bottles and fresh wood (oak and pine) at (a) T0 of the experiment and (b)
at the end of the incubation time. (c) Secondary electron micrograph and corresponding EDS spectrum from a
selected sample of fresh oak wood incubated with D1 wood. (d) Secondary electron micrograph from a selected
sample of fresh oak wood incubated with C wood. EDS spectrum corresponding to a point from the mineral
concretions observed.

Light microscopy also showed highly decayed cells for some archaeological wood (Figure
4.12). The detachment of the cell wall was clearly detected in some cells, with accumulation of
decay products in the lumen (Figure 4.12). However, the incubated fresh wood did not present
as highly damaged cells (Figure 4.12). Samples taken over time presented early stages of EB
attack (Figure 4.12). In figure 4.12-c, the invasion of EB through the rays of the fresh pine wood
is seen as dark areas. Also, the dark mass observed in the lumen of some cells, in both oak and
pine fresh wood (Figure 4.12), could be representative of the accumulation of cell wall
degradation products [28]. Moreover, complementary SEM analyses of selected samples

showed bacteria attached to the wood surface (Figure 4.12).
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Figure 4.12. Light microscopy images from cross-sections from (a) DI wood, (b) fresh oak wood incubated with
D1 wood and (c) fresh pine wood incubated with G2 wood. d and e) Secondary electron micrographs from fresh
oak incubated with DI wood.
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Microbial community

DNA extraction was successful for all samples, and precipitation with ethanol allowed
concentration and purification of the extracted DNA (Table S 4.8). However, no ITS PCR
amplification was obtained while all samples were positive for /6S amplification (Figure S 4.8).
The analysed samples came directly from the collection point in Biel Lake (Switzerland) to the
laboratory. Samples were taken from the sediments where fungal activity is considered to be
reduced [64]. Indeed, most studies in waterlogged wood microbial community focused in
bacteria and archaea populations [87]-[90]. Moreover, microscopy analyses discussed above
did not detect either the presence of fungal attack. For example, soft rot fungi produce holes in
the cell walls [51], that were not observed here. Still, recent studies in WAW microbial
community showed the presence of fungal communities [70], [71]. These investigations
focused on samples taken in previous years and stored in the laboratory or museum facilities
over time. They were interested on the negative consequences that the microbial community
may have in the WAW after recovery from the burial locations. [70], [71]. Storage is usually in
water at RT or refrigerated. In these conditions, it is possible that the development of a fungal

community happened after sample collection.

The negative result in the ITS PCR amplification led to only sequencing for the bacterial
community. A total number of 2553 of amplicon sequence variants (AVSs) were identified after
denoising with DADA2. Overall, silver fir (set F) samples presented a higher number of AVSs.
Three samples were in the range between 607-751, while one of the samples from the core
presented only 479 AVSs. Except for this one samples, oak samples (set C) had lower number

of observed features, between 325 to 564.

Diversity analyses revealed that the alpha diversity was not significantly different between oak
and silver fir samples for AVSs diversity, richness and evenness (Shannon index, Chaol
estimator and Pielou’s evenness, respectively) (Figure 4.13). Sample 8 decreased the diversity,
richness and evenness for the group of silver fir samples (Figure S 4.9). This sample was the
one with less observed features (479 AVSs) and the presence of relative more abundant genera
decreased diversity and evenness also. However, significant differences were detected in the
phylogenetic diversity between oak and silver fir (p=0.02) (Figure 4.13). Silver fir samples had
a more diverse phylogeny than oak samples. Oak samples presented a much higher state of
degradation than silver fir samples, as seen in the microscopy analyses presented above. More

specialised metabolisms may have defined the community in oak samples
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Figure 4.13. Bacterial community richness and diversity for the two types of wood under study, oak and silver fir.
(a) bacterial AVSs diversity (Shannon index). (b) bacterial AVSs richness (Chaol index). (c) bacterial AVSs
evenness (Pielou’s evenness). (d) phylogenetic diversity (Faith’s PD). The indexes were calculated using a

sampling depth of 44698. Significant differences between the two wood types were calculated with Kruskal-Wallis
test.

Figure 4.14. Bacterial beta diversity between oak (®) and silver fir (m) samples by principal coordinate analysis
(PCoA). PCoA was calculated based on (a) Bray-Curtis dissimilarity, and (b) weighted UniFrac distance matrix.
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Principal Coordinates Analyses (PCoA) were made based on Bray-Curtis dissimilarity and
weighted UniFrac distance matrix (Figure 4.14). Both methods used are abundance-based
indices. However, Bray-Curtis dissimilarity quantifies the compositional differences between
samples, based on different features [82], while UniFrac distances are based on phylogenetic
diversity [83]. PCoA analyses revealed, in both cases, a separation between oak and silver fir
samples. PERMANOVA test showed significant differences in both Bray-Curtis dissimilarity
and weighted UniFrac distance matrix (p=0.02 and p=0.03, respectively). Moreover,
differences were observed between core and surface samples. PCoA based on weighted UniFrac
distance matrix showed a separation between core and surface samples, in both oak and silver
fir wood (Figure 4.14). In Bray-Curtis based PCoA, differences were more evident between
core and surface oak samples. The alpha diversity already showed that within the oak wood
samples the diversity and richness were different between core and surface samples. The beta
diversity results corroborate that not only there is a difference between the bacterial

communities of the different woods, but also between sections of the same wood.

The taxonomy composition of the wood samples indicated that oak samples were dominated
by taxa belonging to the phylum Proteobacteria; while silver fir samples had taxa belonging to
the phyla Proteobacteria, Firmicutes, Actinobacteria and Chloroflexi in similar abundance

(Figure 4.15). Unclassified bacteria were present in both woods (40-45% relative abundance).

Proteobacteria made up to 39-47% of the total AVSs in oak samples. The next most abundant
phylum was Firmicutes with relative frequency between 4 to 7%, followed by Bacteroidetes
and Chloroflexi that made between 1 to 5%, and 1 to 3%, respectively, of the total community.
The rest of phyla were under 1%. In silver fir samples, Proteobacteria made up to 16-24% of
the total community, what is a reduction of half compared to their abundance in oak samples.
Firmicutes made between 9 to 19%, Actinobacteria between 4 to 11%, and Chloroflexi between
2 to 4%. In silver fir samples, other phyla such as Bacteroidetes, Acidobacteria and
Planctomycetes, still had a relative frequency of ~1-4% each, what explains the higher alpha

diversity of silver fir samples.

Proteobacteria is a commonly found phylum in waterlogged wood samples, along with
Bacteroidetes and Firmicutes [70]-[72], [88]. Within the Proteobacteria, Gammaproteobacteria
was the most abundant in oak samples, due to the high abundance of one specific genus,
Janthinobacterium (3-18% of the total community) (Figure 4.16). The incidence of
Gammaproteobacteria was reduced in silver fir samples were. Here, other genera outside of this

class were more abundant, as Exiguobacterium belonging to Bacilli (Firmicutes) (Figure 4.16).
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Figure 4.15. (a) Stacked bar chart of the taxonomic profile at phylum level showing the 20 most abundant phyla.
(b) Comparison between the type of wood of the 20 most abundant phyla. Significant differences are marked with
a star.
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Figure 4.16. (a) Stacked bar chart of the taxonomic profile at genus level showing the 20 most abundant genera.
(b) Comparison between the type of wood of the 20 most abundant genera. Significant differences are marked with
a star.
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Still, Janthinobacterium was also detected in some silver fir samples (Figure 4.16). The genus
Janthinobacterium has been already detected in WAW samples, and forms part of the microbial
community usually associated to waterlogged wood [70], [87]. This genus belongs to the group

of wood degraders as it has been demonstrated that has cellulolytic activity [91], [92].

Previous studies in WAW samples showed Gammaproteobacteria and Alphaproteobacteria to
be among the most detected classes also [70], [72]. In one of the studies, the abundancy of
Gammaproteobacteria was related to the high presence of the genus Pseudomonas [70]. Here,
Pseudomonas made up to 3% in some oak samples and 9% in silver fir samples (Figure 4.16).
Pseudomonas spp. have been detected in waterlogged wood samples from different origins [87],
[93], [94]. Moreover, microorganisms belonging to the genus Pseudomonas are involved in
very different metabolisms. Some species participate in sulfur and iron metabolism [87]. Others
may present cellulolytic activity, and even ligninolytic activity [95], [96]. Also, some species

are denitrifying bacteria [44].

Other frequent genus for both type of woods was the already mentioned Exiguobacterium. This
genus was detected in all oak samples (2-4%), and in silver fir samples, it made up to 16% of
the total community in sample 6. This genus has been found in diverse environments, from
permafrost to freshwater lakes [97], [98]. Moreover, species from this genus have been studied

for their cellulolytic activity [99], [100].

The Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (ANPR) clade was also quite
abundant in all samples (1-9%). Rhizobiales are common soil bacteria that have also been
described for their cellulolytic activity [101]. In both wood, Paenibacillus (1-7%), Massilia
(0.7-4%), Brevundimonas (0.3-4%), Flavobacterium (0.1-5%), Caulobacter (0.6-3%),
Sphingomonas (0.4-3%) and Sphingobium (0.1-2%) were found. After, each wood presented
some specific genera. For example, in oak wood samples Duganella (5-8%), Rhodoferax (1-
7%), Curvibacter (1-6%), Malikia (2-7%) and Acidovorax (0.3-4%) were significantly more
abundant than in silver fir samples. Actinotalea (0.4-7%), on the contrary, was more abundant
in silver fir samples. Moreover, sample 8 (silver fir core), where the diversity and evenness
were smaller, presented a dominant feature that is much less represented in the other silver fir
samples. Namely an uncultured Actinobacteria of the order Coriobacteriales made up to 9% of

the total community in this sample.

All the above-mentioned bacteria constituted the 20 most abundant genera of the community.
They made up to 85-95% and 70-80% of the total bacterial community (along with unclassified
bacteria) for oak and silver fir, respectively. Between these bacteria, wood degraders were
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detected. Apart from the already discussed Janthinobacterium, Pseudomonas, Exiguobacterium
and ANPR, other bacteria such as Flavobacterium present cellulolytic activity [102]. In fact,
pure cultures of erosion bacteria (EB) suggested that they have species belonging to the CFB
(Cytophaga-Flavobacterium-Bacteroides) complex [68], [87]. Here, the genera Cytophaga and
Bacteroides were not detected. Other analyses in WAW samples already reported
Flavobacterium but not the other two genera [70]. Some of the other bacteria detected also
present hydrolytic abilities. Members from Actinobacteria, Caulobacteraceae (including
Caulobacter and Brevundimonas), Sphingomonadaceae (including Sphingomonas and
Sphingobium), Burkholderiales (including Massilia, Duganella, and Acidovorax) and
Paenibacillus have been described for their cyllulolytic/ligninolytic capacities [91], [95], [100],
[101], [103]-[107], and have also been previously detected in WAW samples [70], [71], [87].

Genera such as Marinomonas, Marinobacter and Halomonas were not detected in this study.
These bacteria are highly described in marine WAW samples [71], [72], and they also produce
cellulases and xylanases [108]. These results highlight that the degraders community is more
complicated and diverse than just the suggested CFB complex [68], and that bacteria from other

groups also participate as primary wood degraders.

The other bacteria found could be part of the secondary wood degraders or scavenging bacteria
group, profiting from the metabolic products of the primary wood degraders [66]. Some of the
bacteria found are related to the iron and sulfur cycles. For instance, members of the
Dehalococcoidia class (Chloroflexi) were currently found, although they were not between the
20 most abundant genera. Species from this class are involved in the sulfur cycle [109].
Moreover, genera like Desulfomonile, Desulfosporosinus and Desulfovibrio were detected in
all samples, even though in less proportion (~0.2%). These genera have bacteria that reduce
sulfates to hydrogen sulfide [110]-[112], and they have all been previously detected in WAW
samples [70], [72], [87]. Iron and sulfur related metabolisms leads to accumulation of reduced
iron and sulfur compounds in WAW [25], [28]. The incubation of wood samples from the
analysed oak (set C) and silver fir (set F) with fresh woods produced egg-like smell, and
accumulation of iron and sulfur in the fresh woods (Figures 4.11 and S 4.7). The presence of
these bacteria ratify that longer incubation times could turn out in a higher occurrence of

reduced sulfur compounds in the incubated fresh woods.

Overall, WAW samples although having a diverse inhabiting bacterial community are often
dominated by wood degraders and scavenging bacteria, including SRB [28], [67], [70]-[72].

The bacterial community seems to remain after excavation and storage in terms of wood
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degraders. However, sulfur- and iron-oxidising bacteria that were detected in stored WAW [70],
were not found here. Moreover, in samples from the Mary Rose where acidification was high,
another microbial community was enriched, detecting also iron and sulfur oxidisers [113].
Therefore, after recovery, depending on the conditions, a shift in the community of secondary

wood degraders could occur changing from sulfate reducers towards iron and sulfur oxidisers.

Conclusion

The use of biocides is common in conservation of WAW. However, developing more eco-
friendly solutions needs a better understanding of the community living within waterlogged
wood artefacts. Our defined bio-based extraction protocol does not involve the use of biocides,
and at this point we studied the extraction protocol without any previous sterilization.
Therefore, interactions between the treatment and the inhabiting microbial community may
arise. In this study, we have analysed WAW samples from freshwaters sites including different
types of wood and state of degradation. All samples but one showed the effects of EB attack in
microscopic analyses. Moreover, sulfur was detected in some of the analysed wood. This
indicated that EB-SRB could still be active in the wood. Incubation with fresh wood samples
showed that the bacteria could develop. Egg-like smell, related to the production of hydrogen
sulfur, was detected in all culture bottles. Moreover, early stages of degradation were observed
in the fresh wood samples. DNA analyses confirmed the presence of microbial taxa with
cellulolytic abilities, and sulfur metabolism. The bacterial community varied between the two
types of wood analysed (silver fir and oak), but in both cases the presence of wood degraders

and scavenging bacteria, like SRB, was detected.

The presence of wood degraders in WAW samples could be of concern if the defined extraction
protocol enhances their development. For instance, in the previous section we registered a high
consumption of nitrates in some samples that did not correlate with the amounts of sulfates
produced. Genera with denitrifying species where detected in this study and others [70].
Therefore, it is important to control that the bio-treatment does not enhance wood decay. For
instance, woodchips have been suggested as solution for denitrification of wastewater.
Denitrifying microorganisms used the wood as carbon source removing nitrates from the
contaminated water [45]. In our case, heterotrophic denitrifying bacteria, such as some
Pseudomonas, could further decay the wood using the nitrates from the medium. Moreover, if
the nitrates from the medium are being used by other microorganisms, the development of 7.

denitrificans could be affected. Here, FTIR analysis (section 4.2) did not reveal further wood
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degradation after treatment. Therefore, even though these bacteria could develop, their effect
was negligible in terms of wood decay. However, we observed that the production of sulfates
was lower than expected. Thus, even if the wood was not further damaged the action of T.

denitrificans could have been challenged.

SRB bacteria could also interfere with the protocol re-cycling the oxidised sulfates again to
reduced sulfur. Levels of hydrogen sulfide were not registered during treatment. Future research
is needed to also evaluate if the effects of this group are also negligible. Further DNA and RNA
analyses at different stages of the protocol could help understand the changes in the community

during treatment. Especially, reveal which microorganisms are active.
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Supplementary material 4.3

Figure S 4.6. SEM images and correspondent EDS spectra (red points) of a thin wood cut from set D1.

Figure S 4.7. SEM image and correspondent EDS spectrum (full area) of a thin wood cut from oak samples
incubated with set C samples.
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Table S 4.8. Concentrations of DNA after extraction and after purification.

Sample no. Set Description Dl;l)?elclig; il’;lalt)izi:l'e Dlljlf:clilﬁi/r; t?of:ler
1 C Neolithic oak surface 5.98 29.00
2 C Neolithic oak surface 2.36 10.30
3 C Neolithic oak core 391 25.40
4 C Neolithic oak core 4.30 19.50
5 F Silver fir surface 0.60 4.78
6 F Silver fir surface 2.05 19.30
7 F Silver fir core 0.31 4.64
8 F Silver fir core 0.17 1.32
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Figure S 4.8. Electrophoresis gels showing the DNA amplificons for (a) 16S rRNA and (b) ITS. Samples follow
the classification by numbers of table S 4.8. Bands without number correspond to a different study.
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Figure S 4.9. (a) Number of reads per sample as function of the richness. Rarefaction allowed to determine the
minimum sampling depth. (b) Direct representation of the reads per sample.

Table S 4.9. Community richness and diversity estimates for all the samples analysed.

Sa::)l‘) le Set Description Sl::::;)n Chaol Evenness Faith’s PD
1 C Neolithic oak surface 5.15 552 0.816 48.14
2 C Neolithic oak surface 491 566 0.775 44.86
3 C Neolithic oak core 4.46 329 0.769 37.37
4 C Neolithic oak core 4.49 325 0.776 35.56
5 F Silver fir surface 5.54 715 0.843 62.69
6 F Silver fir surface 4.81 610 0.751 58.57
7 F Silver fir core 5.35 686 0.829 55.04
8 F Silver fir core 4.29 479 0.695 50.63
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Waterlogged archaeological wood (WAW) encounters serious conservation issues after
excavation [1]. In presence of oxygen and high humidity, iron and sulfur species accumulated
during the burial time can oxidise leading to the formation of acids and salts efflorescence [2].
In the long-term perspective, the extraction of these compounds is essential for the stabilization

of the recovered wooden objects [3].

The goal of the MICMAC (Microbes for the Archaeological wood Conservation) project is to
develop sustainable bio-based strategies for the extraction of problematic iron and sulfur
compounds from WAW. These strategies need to be compatible with the wood matrix and other
conservation treatments applied to WAW (i.e., consolidation of the wood structure), present a
comparable effectiveness to current extraction methods, and be cost-effective. Moreover, any
treatment should respect as much as possible the original appearance [4], be safe for the user

and environment, durable and, if possible, reversible or at least retreatable [5].

The MICMAC project is an interdisciplinary research that involves scientists with different
backgrounds. The presented work within the MICMAC project focused on studying microbial
metabolisms that could meet the requirements listed above. The objective was to identify and
characterize microorganisms or bioproducts that could be used to extract iron and sulfur species

from WAW.

The first approach (Chapter 2) was the extraction of iron using bacterial siderophores. Iron
compounds detected in WAW are mostly iron sulfides accumulated during burial [6], and
oxidation products, such as iron oxides and oxyhydroxides, formed during recovery and storage
[7]. Therefore, both ferric and ferrous iron compounds are found within WAW. Siderophores
have a higher affinity for iron(IIl) than iron(Il) [8], and many studies have focused on the
dissolution of iron(IIl) phases by siderophores [9]-[11]. However, some researchers highlight
the capacity of siderophores to oxidize ferrous iron and then form the iron(III)-siderophore
complex [12], [13]. Moreover, the dissolution of pyrite (FeS:) has been enhanced by
siderophores [14]. Hence, siderophores seem good candidates to extract problematic iron from

WAW.

Siderophore-producing bacteria are currently used to extract minerals from different ores via
production of siderophores [9], [15]. Escherichia coli (strain K12), Pseudomonas putida (strain
90), Serratia ureilytica (strain Lr5/4), and Streptomyces pilosus (strain ETH 11686) were
selected between several bacterial strains for the capability to produce siderophores. However,
the first trial to extract iron from artificially contaminated wood mock-ups (i.e., balsa wood
impregnated with iron- and sulfur-containing solutions) was not efficient. After treatment with
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the bacteria, low levels of iron were registered in solution, and SEM-EDS analyses still detected
iron in all wood samples. Previous studies showed that E. coli and P. putida developed and
produced siderophores in presence of goethite (a-FeOOH) and hematite (Fe2O3). While with
iron sulfides like mackinawite (FeS) and pyrite, P. putida and S. ureilytica developed but did
not produce siderophores. In presence of all solid phases studied, S. pilosus was able to grow
but without production of siderophores. This shows that, although, the chelation of iron by
bacteria is mainly via siderophores production, other mechanisms may also participate in iron
acquisition [16]. Still, interesting results were obtained with siderophore-producing bacteria
that can be considered for future applications. For instance, some bacteria, like P. putida and
specially S. ureilytica, although did not extract iron from wood prevented the oxidation of iron
sulfides. The mechanisms behind this stabilization are not identified. Previous studies using
these species for the prevention of iron corrosion suggest several metabolisms involved, such
as the scavenging of oxygen and/or production of protective metabolites (coating) [17]. Long-

term evaluation would determine if the stabilization effects are durable over time.

The direct use of isolated siderophores resulted in the extraction of iron from all solid phases
tested, as well as, from the artificially contaminated wood samples. The results obtained with
the commercial siderophore Desferal® (deferoxamine mesylate, DFOM) were comparable to
the chemical iron chelator ethylenediaminetetraacetic acid (EDTA). DFOM treatment arrived
at the same extraction levels than EDTA. Moreover, siderophores were more compatible with
the wood matrix. On opposite to EDTA, they did not enhance the production of reactive oxygen
species (ROS). Moreover, EDTA and derivatives involve environmental and health concerns

[18], [19]. Siderophores are a safer alternative for the objects, the users and the environment.

However, the costs of using siderophores are at this moment much higher than EDTA.
Purification of siderophores in the laboratory was time-consuming. Around 70 mg of purified
PVD per 1 L of culture were recovered after a long process. The small amounts and the
instability of the products made the long-term usage challenging. Commercial siderophores are
a good alternative, but they are still much more expensive than EDTA and derivatives. One
solution to reduce costs is the synergic use of low molecular weight organic acids (LMWO).
We have seen the positive effect of using citric acid along with the siderophores. The
mechanism behind this increased dissolution suggests that the organic acid is adsorbed into the
solid surface promoting dissolution. Then, the rapid ligand exchange between siderophore and
acid allows rapid re-adsorption of the organic acid, promoting more dissolution [20]. Moreover,

citric acid meets the requirements to be considered sustainable. It is a biodegradable molecule
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that can be obtained from natural sources [21]. Another alternative to reduce costs is to improve
the in-house production of siderophores. The implementation of continuous cultures, where the
bacteria are in production state over extended periods of time, will allow to reduce production
costs [22]. Also, the siderophore obtained from S. ureilytica Lr5/4, not yet identified, could be
more stable than the purified pyoverdine (PVD) from P. putida.

Overall, the use of siderophores was in line with the conservation requirements mentioned
above. Moreover, the change in the appearance of the model wood samples after siderophore
treatment were within the standards when extracting high quantities of iron [3], [23]. The
treatment is also retreatable and further characterization is in place to determine the durability

of such treatment.

The chelation of iron from iron sulfides usually co-extracts the associated sulfur [23]. During
experiments in chapter 2, the co-extraction of sulfur was indeed detected. However, after few
days, sulfur in solution was precipitating on the wood samples. The extraction of reduced sulfur

species using biological metabolisms was the second line of research on this work (Chapter 3).

T. denitrificans is a well-known sulfur-oxidising bacterium [24], [25]. It was selected in this
study for its capability to oxidise several reduced sulfur species, including iron sulfides, at
neutral pH and in anoxic conditions [26]—[29]. Under these conditions, 7. denitrificans was able
to oxidise elemental sulfur at rates of 0.11 +0.02 mM SO4*-day!. Similar rates have been
observed before with this bacterium [30]. Mackinawite was oxidised at rates of 0.03 £0.00 mM
SO4*-day’!, that is also in agreement with previous works [27]. To enhance oxidation of more
stable phases, such as pyrite, we added a more accessible sulfur source, as sodium thiosulfate,
to increase initial growth. However, even in these conditions, pyrite oxidation only led to Fe**

ions production. Release of sulfates was of the same order as in control.

Furthermore, 7. denitrificans was also applied to extract reduced sulfur species from artificially
contaminated model wood samples in neutral pH and anoxic environment. Here, we detected
rates of 0.17 £0.04 mM SO4*-day"!. Raman spectroscopy analyses and the study of chemical
equations, however, suggested that partially oxidised mackinawite was the main reduced sulfur
compound oxidised. The oxidation rates were higher than for the experiments with solid phases.
This could be due to the lower chemical stability of the compounds present on the wood than
the purchased mackinawite tested previously. No other sulfur species, apart from mackinawite,
were clearly oxidised on the wood samples. Nonetheless, the oxidation rates showed that T.

denitrificans was able to directly metabolize sulfur compounds present in the wood substrate.
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This demonstrated the feasibility of a biological extraction as an alternative to current chemical

oxidation methods.

Originally, the research idea was to oxidise problematic sulfur species without the presence of
oxygen. However, after deeper discussion with conservation scientists and conservators, they
suggested that the application of a total anoxic immersion bath would be difficult in real praxis.
Moreover the accumulation of nitrites could be problematic [31]. Therefore, we also studied
the oxidation in presence of oxygen. T. denitrificans was still our model organism as it as a
facultative anaerobe that could also oxidise sulfur species in oxic conditions [24]. Oxidation
rates of elemental sulfur increased in these conditions to of 0.19 £0.05 mM SO4>-day"!. For the
other tested solid phases, the presence of oxygen turned out in abiotic oxidation in control
samples, and therefore, we ruled out biological oxidation occurring in these samples. In
artificially contaminated wood samples, 7. denitrificans was able to oxidise reduced sulfur
compounds with oxygen as electron acceptor, but the oxidation rates were lower (0.04-0.05
mM SO4*-day'). In this case, the bacteria also used preferentially partially oxidized

mackinawite over other reduced sulfur species (mainly elemental sulfur).

WAW present high amounts of pyrite [1], [7], [32], while our model samples presented mostly
partially oxidised mackinawite and elemental sulfur when analysed with Raman spectroscopy.
Studies with pure mineral phases showed that pyrite was only partially oxidised by 7.
denitrificans. Therefore, the use of WAW samples with pyrite accumulation (i.e., marine

samples) would be essential to ascertain the efficacy of the proposed biological treatment.

Moreover, future investigation could focus on other model bacteria to conduct the oxidation of
iron sulfides. 7. denitrificans is a model bacteria for anaerobic, nitrate-dependent oxidation of
pyrite at neutral pH [26], [27]. However, other bacteria like Thiobacillus thioparus could be
used, alone or in co-culture [33]. Previous studies showed the increased oxidation of pyrite
when T. denitrificans and T. thioparus were used in a co-culture [33]. Moreover, if the treatment
is finally defined in oxic conditions, the microbial oxidation of reduced sulfur species has the
potential to accelerate the dissolution of these species. Recent work has shown rates of pyrite
oxidation an order of magnitude higher in the presence of certain bacteria compared to abiotic
control [34]. Bacteria from the order Rhizobiales and Ralstonia species were detected in the

cultures [34].

The application of T. denitrificans to wood samples was compatible with the matrix, as no

degradation of the wood components was observed by FTIR analyses. Chemical oxidative
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agents are, so far, more efficient in terms of oxidation rate. Yet, they are very aggressive
towards the wood, resulting in bleaching [35]. Treatment with 7. denitrificans also altered the
appearance of the wood. However, in some cases it was mostly due to the precipitation of
phosphates from the growth medium. When using a different buffering agent, oxidation
occurred, and the wood samples acquired the typical dark appearance of WAW contaminated
with iron oxides [2]. Therefore, further research is still needed to improve the biological

oxidation of sulfur species in wood samples, in terms of appearance and efficiency.

As observed during this work, the extraction of iron and sulfur independently always resulted
in the other moiety precipitating or interfering. Therefore, we defined an application protocol
that combined the use of siderophores and 7. denitrificans (Chapter 4). For this first treatment
campaign, DFOM (Desferal®) was selected as we required high quantities of chelating agent,
and the costs of producing siderophores overtook the cost of the commercial one. DFOM is a

useful reference of the feasibility of applying siderophores to treat WAW.
The biological treatment was defined as a two sequential steps protocol:

1. Extraction of iron ions by DFOM

2. Ogxidation of the remaining sulfur by 7. denitrificans

This protocol was the most efficient in a first trial. The DFOM pre-treatment eliminated high
quantities of iron and sulfur, and in the second step, the bacteria metabolised remaining sulfur

species to sulfates.

This protocol was then evaluated on different wood species with different degrees of
degradation and contamination with iron and sulfur compounds. This study was conducted in
direct collaboration with the Archaeological Service of Bern Canton and the Swiss National
Museum. Their experience in wood conservation gave important feedback to approach the
biological treatment to real praxis. As already mentioned, complete anoxic conditions were
discarded. Instead, flushing the treatment solutions with nitrogen was an approach they
suggested feasible in conservation departments. Moreover, after collaborative discussion, they
trusted our experience in microbiology and were not concerned that the biological treatment
will produce further biodeterioration. They presented big interest in alternative extraction

methods to current treatments.

After application of the defined biological treatment, reduced sulfur compounds identified by
Raman spectroscopy were not detected anymore. In this case, not even elemental sulfur was

observed after treatment. In the previous chapters with only siderophores or bacteria, elemental
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sulfur was still present after treatment. Here, sulfur extraction rates reached 80% in some
samples, and iron extraction rates were in average of 65%. These results were comparable to
the reference chemical protocol based on successive immersion in oxidant and complexing
solutions. However, the biological treatment had a longer duration. To reduce treatment times,
an increase in siderophore concentration could be considered along with improvement of the
bacterial culture. As studied in chapter 3, T. denitrificans presented a better growth when the
growth medium presented phosphates. Other nutritional requirements could be considered to

improve bacterial growth.

In this study, the performance of the bio-treatment was not influenced by the species of wood
nor the state of wood degradation, and finally the biological treatment preserved the original
appearance better than the chemical treatment. The final appearance of the wood cubes would
be further evaluated after conservation treatments (i.e., consolidation and freeze-drying). These
processes also affect the final appearance of the wood. A survey among conservators is planned
with the final consolidated cubes to ascertain that the final aspect respects conservation

guidelines.

Both extraction protocols were compatible with the wood substrate as no further wood
degradation was observed with FTIR measurements. However, the chemical protocol presented
more aggressive conditions (pH of 1.5-4). Moreover, some of the chemicals used in the
chemical protocol are classified as health hazard (i.e., sodium persulfate, hazard statements:
H302, H315, H317, H319, H334). Still, this chemical protocol is currently used due to its short-
time application duration and low cost. Improving the efficiency of the bio-treatment is essential
for end-users to switch from one protocol to the other. As discussed above, the synergic use of

LMWO could enhance the overall extraction rate.

Moreover, for future applications, is important to keep in mind the interactions between the
wood autochthonous microorganisms and the proposed extraction protocol. During the T.
denitrificans treatment step, samples representing freshwater WAW (sets D1, D2, G1 and G2)
presented nitrate reduction rates of 0.43-0.86 mM NOj3 -day!, but sulfur oxidation rates were
in the range of 0.06-0.09 mM SO4>-day!. However, with almost all artificially contaminated
wood model samples (exception of set B: fresh oak artificially contaminated) denitrification
rates of 0.08-0.16 mM NO; -day!, were coupled with sulfur oxidation rates of 0.04-0.07 mM
SO4*-day!. Moreover, in other previous experiments, like the first trial of the application
protocol (Section 4.1), denitrification rates were higher (~0.26 mM NOsday™') because of
higher sulfates production rates (~0.21 mM SO4*-day!). These values indicate that with
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freshwater WAW samples (sets D1, D2, G1 and G2), the consumption of nitrates was higher
than expected for denitrification coupled to oxidation of the studied reduced sulfur compounds.
Complementary analyses on the inhabiting bacteria of lake WAW samples revealed a diverse
microbial community that could explain the extra consumption of nitrates. For example,
Pseudomonas species were detected in DNA sequencing analysis. This genus contains bacteria
that are able to conduct heterotrophic denitrification [26]. Moreover, further analyses of the
autochthonous bacterial community showed a consortium of bacteria including sulfate-reducing
bacteria (SRB). These bacteria developed along with erosion bacteria (EB) in incubated fresh
wood samples. The presence of SRB was confirmed by the DNA analyses. These group of
bacteria could affect the efficiency of treatment if the sulfates produced are reduced again [36].
Further experiments are needed to observe if this specific group of bacteria and others could
alter the overall performance of the biological extraction protocol proposed or if their effect
could be considered negligible. Experiments conducted in sterile wood versus experiments in
wood containing the autochthonous microbiota could help to establish the overall impact of the

inhabiting bacteria in the biological treatment.

Overall, both metabolisms under study, namely siderophores complexation and sulfur
oxidation, can be useful to extract problematic iron and sulfur species from WAW. Depending
on the specific requirements of the recovered artefacts one or the other pathway would be
recommended. Still, we observed that together, the use of siderophores and biological oxidation
performed similarly to current extraction treatments and are in line with conservation ethics.
The bio-based treatment resulted promising and future efforts would be made to improve

performance, reduce costs and develop a ready-to use protocol.

The Swiss National Science Foundation has granted the MICMAC project a two-year extension
up to January 2023. The project will continue to deepen in the biological solutions proposed in

this thesis, and to develop towards real praxis.
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Figure 1.1. (a) Scheme of the hierarchical structure of wood. At the level of the cell wall, different layers are
observed: middle lamella (ML), primary cell wall (P), and secondary cell wall (S1, S2 and S3). The orientation of
the cellulose microfibrils in the secondary wall is measured by the microfibril angle (MFA). Adapted from [8]. (b)
Chemical structure of the main components of the cell wall: cellulose, hemicellulose and lignin, plus some common
WOOd exXtractives SUCH AS TANRIC ACIA. .................c.ccueiceiieeiieeei et ettt ettt e et eneeeseeseeseennes 5
Figure 1.2. Schematic representation of the layer structure in wood. © 2006 Merriam-Webster, Inc................... 7
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presenting precipitation of sulfur salts. Adapted from [39]. © Mary Rose Museum. ................ccccoceccecenccnccnenne. 16
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Figure 2.2. (a) Growth of the bacterium P. putida with the four different iron minerals under study (hematite,
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Figure 2.7. Spectra UV-Vis of (a) cell-free supernatant obtained from a culture of P. putida after reaching
stationary phase; (b) two elutes (H20 and 50% MeOH fractions) obtained from the cell-free supernatant of P.
putida after solid-phase chromatography, compared to a commercial PVD (Sigma-Aldrich, United States). .....63
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Figure 2.10. Colorimetry plot representing colour coordinates: L* (lightness/bright-dark), a* (red/green
opponent colours) and b* (vellow/blue opponent colours). Colour measurements were taken on the wood surface
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ureilytica. Control M refers to the cube incubated in MM9 medium without bacteria. Fresh balsa (Balsa Ref.) and
balsa impregnated with iron sulfides (Balsa FeS) are included as reference. .................cccccceevcecnininininncnns 77
Figure 2.11. (a) Secondary electron micrograph of a cross-section of the control wood sample. (b) EDS spectrum
of a whole cross-section area. (c) Raman spectrum obtained from the surface of the control wood sample.
Characteristic Raman shifis of elemental sulfur (a-Ss) are tagged. ..............ccccoevvevivioiiciiciioiiiiiiiie e, 80
Figure 2 12. (a) Secondary electron micrograph of precipitates found on the surface of wood samples treated with
S. pilosus. (b) EDS spectrum of the solid phase. (c) Raman spectrum obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (0-Ss) Are tAZEd. ................coceviiiriniiiiiiiiiiieeiiteet e 80
Figure 2.13. (a) Secondary electron micrograph obtained from a tangential section of E. coli wood samples. (b)
EDS spectrum of a superficial tangential cut. (c) Raman spectrum obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (0-Ss) Are tAZEd. ................ccoceviiiririniiiiiiieeiit et 81
Figure 2.14. (a) Secondary electron micrograph of precipitates found on the wood samples treated with P. putida.
(b) EDS spectrum of the precipitates. (c) Raman spectra obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (a-Ss) and mackinawite (M) are tagged. ................cccccocevcenvinvincenenncnn. 81
Figure 2.15. (a) Secondary electron micrograph of precipitates found on the wood samples treated with S.
ureilytica. (b) EDS spectrum of the solid phase. (c) Raman microscopy image of a crystal-like found on the surface
of the wood cubes treated with S. ureilytica. (d) Raman spectra obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (a-Ss) and mackinawite (M) are tagged. ................cccccocevcinvinvincenenncnn. 83
Figure 2.16. Visual appearance of the wood cubes after 15 days extraction with 10 mM of different iron chelators.
Balsa wood was artificially impregnated with iron sulfides, and then treated with DFOM, PVD, and EDTA, in
three different conditions: pH 7, pH 5.6 or not buffered solution. Control refers to the cubes incubated without
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Figure 2.17. Colorimetry plots representing colour coordinates: L* (lightness/bright-dark), a* (red/green
opponent colours) and b* (vellow/blue opponent colours). Colour measurements were taken on the wood surface
of all samples after extraction. Artificially contaminated balsa was extracted with DFOM, EDTA or PVD in three
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Figure 2.18. Raman spectra obtained from the PVD-extracted wood cubes in citrate buffer: (a) core and (b)
surface; HEPES buffer: (c) core and (d) surface; and without any buffer: (e) core and (f) surface. Characteristic
peaks of elemental sulfur (0-Ss), lepidocrocite (L), and mackinawite (M) are tagged. ...............c..ccocveveevcvecenann. 89
Figure 2.19. Raman spectra obtained from the DFOM extracted wood cubes in citrate buffer: (a) core and (b)
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5.6), HEPES buffer (pH 7), or Without any BUTEr. ...........ccccocouioiiiiiiiiiiiiiioiiiieeeeeeeeet et 92
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Figure S 2.6. Secondary electron micrograph of a tangential cut of a control M wood sample, with the
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Figure S 2.8. Secondary electron micrograph of a cross section cut of one P. putida wood sample, with the
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Figure S 2.9. Raman spectra obtained from the control wood cubes in citrate buffer: (a) core and (b) surface;
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Figure S 2.11. Total sulfur extracted from the model wood samples (mg S/g wood) using EDTA (¢), DFOM (m),
PVD (A), or no chelator (control (e)), over time. The extraction was conducted in three different conditions:
citrate buffer (pH 5.6), HEPES buffer (pH 7), or wWithout any BUffer.............c.cccccuverenininincoiiiiiienc e, 103
Figure S 2.12. p-nitrophenol (pNP) released from pNPG by DFOM, PVD, EDTA in presence of with only Fe**,
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Figure 3.1. X-ray diffractogram of pyrite HCl-acetone washed (4), and pyrite HCl washed (B). Vertical grey lines
indicate the reference pyrite (FeS2) PAIEIN. ..........cccocviiiriiriiieieieiet sttt 123
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Figure 3.3. Concentration over time of nitrates, nitrites, and sulfates in presence of T. denitrificans (closed
symbols) or abiotic controls without bacteria (open symbols), in the anoxic experimental set-ups (Exp. I, II.1 and
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Figure 3.4. Visual appearance and complementary secondary electron micrograph of the cultures with pyrite and
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Figure 3.5. Secondary electron micrograph of the fixated sulfur sample (Exp. I) with corresponding EDS spectra.
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Figure 3.6. Concentration over time of nitrates, nitrites, and sulfates in presence of T. denitrificans (closed
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Figure 3.7. Total iron and iron(1l) concentrations measured in solution over time for samples with T. denitrificans
and pyrite or mackinawite plus one of the chelating agents under study (DFOM, EDTA or PVD), compared to
abiotic controls without the bacteria. Error bars show standard deviation of two or three replicates. .............. 134
Figure 3.8. Concentration over time of nitrates, nitrites, and sulfates in presence of T. denitrificans and pyrite or
mackinawite plus one of the chelating agents under study (DFOM, EDTA or PVD). Controls refer to abiotic
controls with chelators. Error bars show standard deviation of two or three replicates. ..............cccceeveeenn... 135
Figure 3 9. Secondary electron micrograph of the fixated DFOM-pyrite sample with correspondent EDS spectra.
The areas where the EDS analyses were performed are indicated with RUMbBErs. ..............ccccceeeeiecieviecennanne. 136
Figure 3.10. (a) and (b) ESEM image obtained from reference wood showing spherical aggregates with
corresponding Raman spectrum (continuous line) and reference spectrum of elemental sulfur (a-Ss) (dashed line).
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Figure 3.11. Envirnmental scanning electron micrographs at (a) 2480x and (b) 4960x original magnification
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Figure 3.12. (a) and (b) Sy-XRF maps obtained from the surface of reference wood. (c) Wood treated with T.
denitrificans. Colour legend: (a)-Red: total sulfur. Green: total iron. (b and c)- Red: reduced sulfur. Blue: sulfates.
Adapted from [45]. © 2018 EISEVIEr LId. ............cccccoriimiiiniiiiiiiiiiee ettt 150
Figure 3.13. Concentration over time of nitrates (®), nitrites (A ), and sulfates (m) in presence of T. denitrificans
or in control samples without bacteria. Error bars show standard deviation of three replicates. Adapted from [45].
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Figure 3.14. (a) Raman spectra of the control wood where mackinawite (M) was detected. (b) XRD of the control
wood with rays for mackinawite (M) and mineral sulfur (a-Ss). (c) Raman spectra showing the presence of mineral
sulfur in control sample (dashed line) and reference spectrum of elemental sulfur (a-Ss) (continuous line). (d) XRD
diffractogram showing rays of sulfur (a-Ss) for the wood treated with T. denitrificans. Adapted from [45]. © 2018
EISEVIEE LIA. ...ttt ettt ettt ettt 153
Figure 3.15. (a) ESEM image of treated wood. (b) Corresponding EDS spectrum. (c) Raman spectra obtained
from control wood (dashed line) and wood samples treated with T. denitrificans (continuous line) with peaks
related to vivianite (V). (d) XRD spectra from control wood (grey) and treated wood (black) with rays related to
vivianite (V). Adapted from [45]. © 2018 EISEVIEF L. .............ccccccocveiioiiiiniininiinininiieeeeet ettt 154
Figure 3.16. Representative FTIR spectra of fresh wood (grey), impregnated wood (+**), control wood (---) and
wood treated with T. denitrificans (black), for the region between 1800 and 800 cm™. Adapted from [45]. © 2018
EISEVIEE LIA. ...ttt ettt ettt 156
Figure 3.17. Visual appearance of the balsa wood cubes after incubation with T. denitrificans in the different
experimental set-ups. Medium 113 with KH2POq and with nitrates or without (113-PN and 113-PO). Medium 113
with HEPES and with nitrates or without (113-HN and 113-HO). For complete description of the experimental
conditions refer to the materials and MEROAS SECHION. .............ccccocvoiiiiiiiniininiiieneeeee ettt e 161
Figure 3.18. Colorimetry plots representing colour coordinates: L* (lightness/bright-dark), a* (red/green
opponent colours) and b* (vellow/blue opponent colours). Colour measurements were taken on the wood surface
of all samples after incubation with T. denitrificans or abiotic controls. The different four media are represented
by different colours. Abiotic controls and the two initial cell concentration are represented by different symbols.
Fresh balsa (Balsa Ref.) and balsa impregnated with iron sulfides (Balsa FeS) are included as references. .... 161
Figure 3.19. (a) Secondary electron micrograph and (b) corresponding EDS spectrum of a tangential cut of a
wood sample treated with T. denitrificans in 113-PN (Exp. A). (c) Secondary electron micrograph and (d)
corresponding EDS spectrum of a cross-section cut of a wood sample treated with T. denitrificans in 113-PN (Exp.
A). (e) Raman spectra obtained from two independent points on the wood sample. Characteristic peaks of
elemental sulfur (0-Ss) are tagged along with some unidentified PEaKS. .............c.ccocooeeeririoiiiioiciiiiiiiaee, 163
Figure 3.20. (a) Secondary electron micrograph and (b) corresponding EDS spectrum of the precipitates observed
on a cross-section of wood treated with T. denitrificans in 113-HN (Exp. F). (c) SEM image and (d) corresponding
EDS spectrum of cross-sectioned wood treated with T. denitrificans (Exp. F), where the precipitates were
observed. (e) Raman spectrum obtained from the surface of the wood sample. Characteristic peaks of elemental
SULFUF (0=S8) QFE LAZZEUL. ...ttt ettt ettt sttt sr et 164
Figure 3.21. Concentration over time of nitrates, nitrites, phosphates and sulfates in presence of T. denitrificans
(closed symbols) or abiotic controls (open symbols), in all experimental set-ups. Error bars show standard
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Figure S 3.1. Iron(lll)/iron(Il) concentration ratio over time measured in pyrite particles incubated with T.
denitrificans or without bacteria (abiotic control) in experimental set-up I1.1. Error bars show standard deviation

of two or three replicates. 140

Figure S 3.2. Concentration over time of nitrates, nitrites, and sulfates in presence of pyrite and ~Ix10° cells-mL
Lof T. denitrificans or abiotic control, in anoxic experimental set-up (Exp. V). Error bars show standard deviation
Of WO OF TRFEE FEPIICALES. ...ttt ettt ettt ettt ettt 141
Figure S 3.3. Envirnmental scanning electron micrographs and respective EDS spectra obtained from reference
wood on (a) external surface and (b) inner transversal section. Adapted from [45]. © 2018 Elsevier Ldk. ....... 169
Figure S 3.4. Intensity ratio of the absorbance band characteristic for lignin (1505 cm™) against the absorbance
bands corresponding to carbohydrates at 1368 (e), 1157 (m) and 897 (Y ) cm™! respectively, calculated for fresh
wood (F), reference wood (R), control wood (C) and wood treated with T. denitrificans (T). Error bars show
standard deviation of three replicates. Adapted from [45]. © 2018 Elsevier Ldlt................ccccccevvvncinnininiinnn. 170
Figure S 3.5. (a) Stereomicroscope image of an oak wood sample after treatment with T. denitrificans. (b)

Stereomicroscope image of a balsa wood sample after treatment with T. denitrificans. Yellow precipitates are

Figure S 3.7. (a) Secondary electron micrograph of the wood sample treated with T. denitrificans in 113-PO (Exp.
C) where bacterial colonies are seen. (b) EDS spectrum of the aggregates observed around the bacteria. (c) SEM
image of an inner cut of the wood and (d) corresponding EDS spectrum. (e) Raman spectrum obtained from the
surface of the wood sample. Characteristic peaks of elemental sulfur (0-Ss) are tagged. ...............cccoccvcincncn. 172
Figure S 3.8. (a) Secondary electron micrograph of a cross section cut of the wood sample treated with T.
denitrificans in 113-HO (Exp. H). (b) Raman spectrum obtained from the surface of the wood sample.
Characteristic peaks of elemental sulfur (a-Ss) are tagged. (c) SEM image of the same cross section with
corresponding EDS Spectra (1 QRA 2). ............ccccccviiiiiniiiiiiiiiiieitt ettt e 173
Figure S 3.9. Growth of the bacterium T. denitrificans in presence of artificially contaminated wood in the
different experimental media (113-HN, 113-HO, 113-PN, and113-PO) followed by the increase of OD at 600 nm
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Figure 4.1. Visual appearance of the wood cubes. Balsa wood was artificially impregnated with iron sulfides, and
then treated with three different application protocols (1B-2S, 1S-2B, and 1SB)........c..ccccccoeeeevciciniincninnnne. 187
Figure 4.2. Percentage of total iron (Fe) and sulfur (S) extraction for the different extraction methods (1B-2S, 1S-
2B and 1SB) and controls (control for the bacterial step (control B), control for the 113 medium (control M), and
control for the siderophore step (CONIIOLS). ..........cooiiiriiiiiiiiiiiiiiiiiit ettt 189
Figure 4.3. Nitrates (®), nitrites (%), sulfates (m), and phosphates (A) concentrations (mM) over time. Anions
concentrations were measured in solutions containing balsa wood cubes, for the three different extraction
protocols: 1B-2S, 1S-2B and 1SB, as well as a control solution (medium 113). Error bars indicate standard
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Figure 4.4. Visual aspect of the wood samples at different steps of the experiment (T0: before impregnation, T1:
after impregnation and T2: after extraction). NT: untreated samples, BT: biological treatment, CT: chemical

treatment. A1 and A2 sets are fresh balsa, B set is fresh oak, C set is Neolithic oak, DI and D2 sets are
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archaeological oak, E set is fresh pine, F set is waterlogged silver fir, Gl set is archaeological pine, and G2 set

Figure 4.5. Difference between colour (AE*) depending on the extraction method applied (BT or CT) and in
untreated samples (NT); before and after extraction (above), and in reference to before any artificial
CONEAMINALION (DEIOW). ...ttt ettt ettt ettt 206
Figure 4.6. Percentage of total iron (above) and sulfur (below) extraction for treated (BT and CT) and untreated
(NT) sets of wood (A, B, C, D1, D2, E, F, G1, GNA G2). ......cccoccuemiiiiieieeee e 209
Figure 4.7. Nitrates (®), nitrites (¢), and sulfates (m) concentrations (mM) over time. Anions concentrations were
measured in the different solutions containing the six wood cubes of each set (A1, A2, B, C, DI, D2, E, F, G1, and
G2). ettt R h et R bR b s b oAb n ket h e h bbb st b st b et et 213
Figure 4.8. pH variation measured on the surface of the cubes for all sets before and after extraction treatment.
BT: biological treatment, CT: chemical treatment, and NT: untreated. ...................cccccevovvcievencianeneanieieneane 216
Figure 4.9. Secondary electron micrographs of cross-sections from archaeological wood sets: (a) C, (b) D1, (c)
D2, (A) F, (€) GL, ANA (f) G2. ..ottt bttt bttt 234
Figure 4.10. SEM image and correspondent EDS spectrum (red area) of a thin wood cut from set G2. ........... 235
Figure 4.11. Visual aspect of the culture bottles and fresh wood (oak and pine) at (a) T0 of the experiment and (b)
at the end of the incubation time. (c) Secondary electron micrograph and corresponding EDS spectrum from a
selected sample of fresh oak wood incubated with D1 wood. (d) Secondary electron micrograph from a selected
sample of fresh oak wood incubated with C wood. EDS spectrum corresponding to a point from the mineral
CONCTLIONS ODSEIVEU. ...ttt ettt ettt ettt ettt 236
Figure 4.12. Light microscopy images from cross-sections from (a) DI wood, (b) fresh oak wood incubated with
D1 wood and (c) fresh pine wood incubated with G2 wood. d and e) Secondary electron micrographs from fresh
0ak incubated With DI WOOU. ................cccccociiiiiiiiiiiiiiiiieieee ettt e 237
Figure 4.13. Bacterial community richness and diversity for the two types of wood under study, oak and silver fir.
(a) bacterial AVSs diversity (Shannon index). (b) bacterial AVSs richness (Chaol index). (c) bacterial AVSs
evenness (Pielou’s evenness). (d) phylogenetic diversity (Faith’s PD). The indexes were calculated using a
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Figure 4.14. Bacterial beta diversity between oak (®) and silver fir (m) samples by principal coordinate analysis
(PCoA). PCoA was calculated based on (a) Bray-Curtis dissimilarity, and (b) weighted UniFrac distance matrix.

Figure 4.15. (a) Stacked bar chart of the taxonomic profile at phylum level showing the 20 most abundant phyla.
(b) Comparison between the type of wood of the 20 most abundant phyla. Significant differences are marked with
QUSTAT . ..ottt ettt h et h e b bt ettt ettt ettt ae b e 241
Figure 4.16. (a) Stacked bar chart of the taxonomic profile at genus level showing the 20 most abundant genera.
(b) Comparison between the type of wood of the 20 most abundant genera. Significant differences are marked with
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Figure S 4.1. Chromatogram of IC analysis of the solution of 1SB protocol after 10. The arrow points out the peak
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Figure S 4.2. Distribution of the wood cubes of all the different sets (A1, A2, B, C, DI, D2, E, F, GI and G2) in
L*-a*-b* colour space at T0 (above), and after impregnation-before extraction (T1) (below). ........................ 222
Figure S 4.3. Raman spectra of reference (Ref.) compounds sulfur (a-Ss), pyrite (FeSz), and partially oxidized
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