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REVIEW ARTICLE

Fungi in archives, libraries, and museums: a review on paper conservation
and human health

Ana Catarina Pinheiroa�† , S�ılvia Oliveira Sequeiraa,b� and Maria Filomena Macedoa,b

aDepartamento de Conservaç~ao e Restauro da Faculdade Ciências e Tecnologia da Universidade NOVA de Lisboa, Portugal; bVicarte,
Faculdade Ciências e Tecnologia da Universidade NOVA de Lisboa, Portugal

ABSTRACT
The action of fungi on books, documents, maps, and works of art on paper can result in inestim-
able cultural losses. Plus, some of the fungi present in paper documents, surfaces and air from
archives, libraries and museums are also a threat to human health. This work aims to review the
literature on the most important and frequent microfungal populations found in paper-based
collections all over the world, and correlate these data with human health risks. A total of 71
studies, dating between 1997 and 2018 were reviewed and organized. From 27 different coun-
tries, 207 fungal genera and 580 species were reported. Chaetomium sp. and Fusarium sp. were
found to be special contaminants in the air of archives and have been associated with paper
biodeterioration. The most common fungi reported (e.g. Penicillium, Aspergillus, and Alternaria
species) have an impact on paper conservation but can also cause adverse human health effects.
The most frequent fungal species retrieved from discoloured paper materials are discussed in
greater detail. Considerations on methods of identification and quantification of fungal contamin-
ation are also presented. Finally, the authors acknowledge an urgent need for standardizing
research in this area and further studies are proposed.
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Introduction

Important artistic works and documents are made of
paper and, therefore, susceptible to chemical, physical,
and biological damage. Biodeterioration of paper by fungi
is one of the most important causes of damage occurring
on library and archives collections (Figure 1). Some fungi
involved in the biodeterioration of paper may also be
dangerous to library/archival professionals and users as
fungal metabolites can trigger allergic responses.

The last review on fungi isolated from library materials
was performed by Zyska in 1997. In it, data were col-
lected from very diverse origins as it was not just
focussed on paper but on panoply of materials one can
find in museums, archives, or libraries. Now, 22 years
later, numerous researches regarding fungi on paper col-
lections were made, new identification methods were
applied and some fungal load limits, for paper conserva-
tion and human health, were proposed. Therefore, at
this time several questions need to be answered: what is
the present scenario in terms of fungal contamination in

archives? Do air contamination studies relate to surface
studies? Are the values similar between countries? What
are the most common genera/species and can they
induce damage to the collections and human health?
Can we really talk about fungal load limits? Are the
molecular biology protocols now being put to use bring-
ing new light into the subject? And what are the major
gaps in this research field?

This review intends to coordinate the data retrieved
from isolated studies, dated from 1997 to 2018, and
analyse it in order to progress towards answering the
above questions.

Methodology of the review process

Literature research was performed to collect studies on
the analysis of the mycoflora present in the air and sur-
faces of archives and libraries or discoloured paper
from cultural heritage objects. Papers or book chapters
were identified through searches using Science Direct,
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e Tecnologia da Universidade NOVA de Lisboa, Portugal�These authors should be considered joint first author.
†Catarina Pinheiro is currently under a researcher contract at the Hercules Laboratory, �Evora University (CEECIND/02598/2017), Cultural Heritage Protection
Studies, Pal�acio do Vimioso, Largo Marquês de Marialva, 8, 7000-809 �Evora.

Supplemental data for this article can be accessed here.

� 2019 Informa UK Limited, trading as Taylor & Francis Group

CRITICAL REVIEWS IN MICROBIOLOGY
2019, VOL. 45, NOS. 5–6, 686–700
https://doi.org/10.1080/1040841X.2019.1690420

http://crossmark.crossref.org/dialog/?doi=10.1080/1040841X.2019.1690420&domain=pdf&date_stamp=2019-12-23
http://orcid.org/0000-0002-7194-5496
http://orcid.org/0000-0002-4882-7133
http://orcid.org/0000-0003-4366-4192
https://doi.org/10.1080/1040841X.2019.1690420
http://www.tandfonline.com


Scopus, ISI Web of Knowledge, Google Scholar, Google
Books, and ResearchGate, with various combinations of
the following search terms: fungi, microorganisms,
mould, paper, archive, library, air, museum, cultural
heritage, books, documents, health, and exposure. For
air analysis, both active and passive methods were con-
sidered. The contamination of the surfaces considered
the analysis of shelves, reading tables, bindings, and
floors of the facilities holding paper-based collections.

The analysis of fungi from discoloured paper consid-
ered paper objects not only from libraries and archives
but also from other cultural institutions holding differ-
ent types of objects besides paper-based ones. Only
samples taken from paper areas showing evidence of
fungal colonization were considered, as the objective
was to characterize the mycoflora eventually respon-
sible for paper biodeterioration.

Only studies comprised between 1997 (after Zyska
1997) and 2018 were considered for this review, result-
ing in the compilation and analysis of 71 articles.

Fungal species reported in archives
and libraries

Since Zyska (1997), a sharp increase in the number and
quality of studies on biodeterioration of paper cultural

heritage has been noted. Gathering nearly all the avail-
able data inevitably results in a vast display of informa-
tion that is placed, with all necessary detail, as
Supplementary Table S1. Table S1 presents the identi-
fied fungal species collected from air samples and surfa-
ces in facilities holding paper collections, as well as
from paper documents/artworks exhibiting fungal bio-
deterioration evidence, along with the countries where
those studies were performed. The adopted nomencla-
ture considered the species’ current names according
to the Mycobank Database (www.mycobank.org).

From Figure 2 one can spot the countries most
committed to the study of fungal contamination in
archives and libraries: Italy, Poland, Portugal, and
Cuba present the highest number of published stud-
ies on the subject and they all have focussed on all
the three sample types considered. However, given
that the performed evaluations are very diverse
regarding methodologies and sample treatment/ana-
lysis, it is not possible to infer directly on the intrinsic
fungal flora diversity. This problem points to the need
to find common ground and to establish experimental
guidelines for the study of fungal contamination
in archives.

In order to facilitate the analysis of the most com-
monly identified fungal species/genera in Table S1,

Figure 1. Fungal outbreak as a result of leaking water from the roof of a depository room (AHU-DGLAB, Portugal, 2005).
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Figure 3 presents the fungi identified in more than
three case studies.

Air contamination – qualitative analysis

The vast majority of environmental studies performed
in the last 20 years focuses on the fungal population
present in the air of the studied facilities. Cladosporium,
Aspergillus, and Penicillium species are almost ubiqui-
tous in air samples and can produce numerous conidia
that can be easily dispersed by air (Abrusci et al. 2005).
Many of the fungi most commonly encountered in the
air of archives and libraries are capable of degrading cel-
lulose: Aspergillus spp., Chaetomium spp., Trichoderma
spp., and Penicillium spp. are some of them. Comparing
with other environments, Chaetomium sp., Fusarium sp.,

Figure 2. The present review examined data from 27 different
countries. In brackets are the number of studies analysed and
also shown is the diversity encountered per country and per
sample type (air, surfaces, and discoloured paper).

Figure 3. Fungal species isolated from air, surfaces or discol-
oured paper from the reviewed literature. Each bar (black,
grey, or white) represents three or more studies from which
these species were identified.
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and Geotrichum sp. were found to be special contami-
nants in the air of archives and the first two have been
associated with paper biodeterioration (Caneva et al.
2003; Corte et al. 2003; Lourenço et al. 2005; da Silva
et al. 2006). Trichoderma species are not considered com-
mon elsewhere and can be especially relevant in paper
conservation as this genus is well known for its vast pro-
duction of cellulases and hemicellulases (Pandey et al.
2015). Both Trichoderma viride and Trichoderma longibra-
chiatum were frequently identified in paper or air in the
revised literature, as shown in Figure 3.

The fungi that most often cause allergic symptoms
belong to the genera Alternaria, Cladosporium,
Aspergillus, Candida, Penicillium, Mucor, Fusarium, and
Rhizopus (Micalli et al. 2003). At least 600 species of
fungi are in contact with humans and less than 50 are
frequently identified and described in epidemiologic
studies on indoor environments (Khan and Karuppayil
2012). Allergenicity tests conducted on an array of com-
monly encountered indoor fungi indicate that
Aspergillus versicolour, Aspergillus niger, and Penicillium
citrinum can induce allergic reactions (Khan et al. 2009).
Potentially pathogenic/toxigenic species (Valentin 2007;
NT-SCE-02 2009) Alternaria alternata, Aspergillus glaucus,
A. niger, Aspergillus fumigatus, and A. versicolour,
Chaetomium globosum, Cladosporium herbarum,
Penicillium brevicompactum, and Stachybotrys atra have
all been identified in air samples taken in archives and/
or libraries (Table S1). Valentin (2010) and the
Portuguese Ordinance Law 353-A/2013 also consider
Aspergillus flavus, Aspergillus ochraceus, and A
Aspergillus terreus, Trichoderma viride and Rhizopus nigri-
cans potentially toxigenic, which are also present in the
reviewed literature (Table S1).

In the work performed by Zielinska-Jankiewicz et al.
(2008), 12 species were regarded as potentially patho-
genic for humans: 8 of them displayed allergic proper-
ties and 11 displayed toxic properties. From the results
obtained by their survey, Lugauskas and Kristaponis
(2004) stress that the allergenic properties of the fungi
detected in libraries, and their potential to produce,
accumulate and release volatile toxic secondary metab-
olites into the library surroundings might pose a health
risk to library workers. Both Chaetomium spp. and
Stachybotrys spp. (present as most common in Figure 3)
have produced various secondary metabolites in pure
culture. C. globosum can produce chaetoglobosins and
chetomin whereas other Chaetomium species can, on
certain occasions, produce sterigmatocystin, a potent
carcinogen. Stachybotrys chartarum can liberate tricho-
thecenes and atranones, considered responsible for
mycotoxicoses in humans (Bennett and Klich 2003).

Aspergillus species, abundant in the air samples pre-
sented in Table S1 and accounted as very frequent in
archives around the world (see Figure 3) are also pro-
ducers of mycotoxins. In vitro experiments show that
metabolite and mycotoxins production is influenced by
the media used, the incubation temperature, and the
water activity (Nielsen 2003). This also explains why
mycotoxins are not always detected even in the pres-
ence of mycotoxin-producing fungi. Moulds are likely
to generate different metabolites when they grow on
building materials and toxin production is affected by
the biologic neighbours in mixed cultures (Nielsen
2003). Secondary metabolites and mycotoxins are spe-
cies-specific which makes it very important to identify
isolates to the species level. Also, mixtures of metabo-
lites can see their effects added and potentiated
(Nielsen 2003).

Fungi retrieved from surfaces and its relevance in
fungal contamination studies

Very few studies present an evaluation of the surfaces
where books and documents are actually kept and of
the bindings that come in contact with the staff’s/read-
ers’ hands. The studies performed in these settings,
which are both quantitative and qualitative, are referred
to in Table S1, third column – Isolation from surfaces
(e.g. shelves, reading tables, and bindings).

As already mentioned, the last formal review regard-
ing fungi in archives and libraries, performed by Zyska
(1997), recollects data from very diverse origins. In fact,
it is not just focussed on books but on panoply of
materials one can find in museums, archives, or libra-
ries. It does have the great advantage of presenting
data from both air and surface samples which can be
essential to truly know the fungal communities present
in those locations. Some spores, given their characteris-
tics, tend to aggregate and are not easily airborne
which makes it difficult to find them in air samples
although they can be present in the environment
(Duchaine and M�eriaux 2001). This could be deemed of
lesser importance if this was not the case for
Stachybotrys chartarum, the fungi most associated with
Sick Building Syndrome (Bennett and Klich 2003). In the
archival settings analysed in this review, this particular
fungus can be considered common and is found in
both the air and deteriorated paper samples (see
Figure 3).

Sampling surfaces is also the best choice when look-
ing for dermatophytes. These are fungi capable of
degrading keratin. None of the three genera (Micros
Porum, Trichophyton, and Epidermophyton) was found in
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previous studies, but Trichophyton rubrum and other
keratinophilic fungi were isolated in a University library
(Jain 2000). It is important for library and archival work-
ers and users to be aware of this problem so that
adequate care is taken when handling these contami-
nated surfaces.

Also Valentin (2007) quantitatively compared air and
surface analyses and concluded that cellulose objects
require longer exposure time in an improved climate to
achieve a significant decrease in microbial growth. This
adds to the importance of surface sampling cellulosic
materials as these are a more reliable measuring tool in
the event of altered environmental conditions.

Of the few studies performed on the analysis of sur-
faces (Table S1, third column), in Maggi et al. (2000) the
most represented genera were Aspergillus (A. fumigatus
included), Cladosporium sp., Penicillium sp., Chaetomium
sp., and Alternaria sp. An average of 10 colony forming

units (CFU) was determined per sampled area (24 cm2)
(�4000 CFU/m2). The study performed by Zielinska-
Jankiewicz et al. (2008) included both air and surface
samples. Cladosporium and Penicillium were the most
prevalent genera and the contamination levels were
800–1000 CFU/m2. At the Jasna G�ora monastery library,
Harkawy et al. (2011) found the maximum concentra-
tion obtained per surfaced area to be 10 000 CFU/m2.
Levels such as the mentioned 10 000 CFU/m2 were also
found (and crossed) in Pinheiro (2014). In both Harkawy
et al. (2011) and Zielinska-Jankiewicz et al. (2008), air
samples resulted in a higher fungal diversity than sur-
face samples, but in Pinheiro (Pinheiro 2014; Pinheiro
2015) surface samples presented a more diverse array
of fungal genera/species than the one obtained in air
samples. This result is in accordance to other settings
(gymnasiums, elderly care centres, for instance) where
the number of different species/genera in surfaces

Figure 4. Detail of manuscript song book (sixteenth century, private collection) showing fungal biodeterioration.
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doubles the one found in air samples (Viegas et al.
2011; Viegas et al. 2014). The level of contamination is
naturally related to dust and organic matter accumula-
tion and one can argue that this can be prevented with
maintenance. However, because archives and libraries
are usually large premises with little room (and staff) to
spare, proper maintenance can be a daunting task to
perform regularly. Having this in consideration it is
probably important to consider the use of personal pro-
tection when working in situ.

Fungi retrieved from discoloured paper – more
than suspects?

Fungi are considered serious degrading agents of paper
documents and works of art (Fabbri et al. 1997). Several
studies have focussed on the effects fungi can have on
our written heritage which can include pigment’s and
ink’s discolouration (Florian and Manning 2000; Pinzari
et al. 2006; Mesquita et al. 2009), chemical deterioration
(Canhoto et al. 2004; Pinzari et al. 2010), formation of
coloured stains, including foxing (Szczepanowska and
Cavaliere 2003), and also physical and mechanical stress
(Ponce-Jimenez et al. 2002; Caneva et al. 2003;
Sterflinger 2010) (Figure 4). Some fungi can produce
cellulolytic enzymes which break the cellulose polymer
into smaller units, weakening the paper structure
(Zyska 2002; Adamo et al. 2003; da Silva et al. 2006).
Also, acidic metabolites can be excreted by these
microorganisms, promoting acid hydrolysis in the paper
fibres (Ponce-Jimenez et al. 2002). The release of all
these extracellular enzymes and/or pigments acts
chemically on the substrate.

The correlation between a given change in a docu-
ment (a stain, for instance) and the presence of a fungal
species has been the subject of several studies (Table
S1, last column). Most of these studies have achieved a
positive identification, but the doubt remains on many
of them as to whether the identified fungus is the
actual culprit for the (usually chromatic) alteration. It is
also important to notice that only the most recent stud-
ies make use of molecular biology protocols for fungal
identification, the majority of them in association with
conventional culturing methods.

Apart from the cases where visible colonies are
noticed, most of the damage associated with fungal
causes appears in the form of chromatic changes in the
paper. This effect may last long after the fungus has
been active. From discoloured samples, with no visible
fungal development, fungal growth is usually very diffi-
cultly attained and molecular biology protocols play a
pivotal role in determining the possible culprit.

Due to their importance in paper conservation/res-
toration, the most frequently identified fungal species
(identified to the species level and present in more
than five studies) from discoloured paper and/or book
materials taken from Table S1 are presented in greater
detail in Table 1.

All these frequently identified fungi possess cellulo-
lytic activity with varying degrees depending on the
species and strain (Table 1). Besides cellulases, most
species produce other exoenzymes that degrade paper
composing or binding materials, like amylases (starch
decomposition) and proteases (gelatin or leather
decomposition). Also, they can excrete coloured metab-
olites with several different hues, having the potential
to disfigure the documents and artworks they dwell in.
The great majority of these fungal species are already
able to develop at water activity levels near 0.80, which
qualifies them as xerotolerants. Regarding temperature,
the optimum growth levels are circa 20–25 �C, a com-
mon interval for human comfort in libraries, archives
and museums.

Fungi can excrete acidic compounds to alter the pH
of the substrate according to their development needs.
Fungal growth of species such as Aspergillus niger, A.
terreus, A. ustus, and A. versicolour, Cladosporium clado-
sporioides, Penicillium chrysogenum, P. citrinum, and P.
commune have shown the ability to greatly decrease
the pH (up to 4 pH units) of saline solutions initially buf-
fered to pH 7 (Borrego et al. 2012). A. niger is also cap-
able of reducing a pH 8 buffered iron gall ink growth
medium to pH 1.7 (Messner et al. 1988). This reveals a
significant production of acidic metabolites by the most
common fungal species found on paper materials. As
paper is highly susceptible to acidic hydrolysis, such
acid production represents an important biodeteriora-
tion potential. Sequeira et al. (2017) show the acidifica-
tion and severe loss of folding endurance caused by
the metabolites left by A. niger on paper in the
long term.

Table 1 also highlights the methods used to achieve
the identification of the deterioration potential culprits.
We can see an increasing trend towards the use of
molecular biology identification methods on the most
recent studies where culture-dependent DNA analysis is
the most used methodology.

Fungi like Chaetomium murorum, Myxotrichum
deflexum, and Trichoderma longibrachiatum (and these
are just the ones mentioned as most common) have
only been identified in these sometimes very challeng-
ing samples through molecular biology (Table S1).
However, the introduction of DNA analyses has also
brought some problems in terms of data handling and
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processing. A joint collaboration was proposed by Katja
Sterflinger and working groups at the IBBS Meetings in
Manchester and Coimbra (Sterflinger et al. 2018), as
recent advances in the identification methods (such as
Next Generation Sequencing) have come to add (too
much?) information and it is important that we do not
lose focus on what is important for conservation: what
is causing the problem, what are the deterioration
mechanisms and how do we prevent and, ideally, revert
them. Although still in a very incipient phase, the joint
collaboration is aimed at defining gold-standard proce-
dures (from collection to data analysis) in order to be
able to advance in the understanding of biodeteriora-
tion. A database of the most commonly encountered
microorganisms on cultural heritage damaged artefacts
is the first step in this endeavour, and this review – on
the very specific setting of archives and paper collec-
tions – could be an important contribution to this ini-
tial stage.

Impact of fungal load on human health and paper
preservation. Can it be assessed?

Some fungi involved in the deterioration of paper may
also be dangerous to library/archival professionals and
users (Bennett and Klich 2003; Mesquita et al. 2009).
Fungal spores can cause allergic skin and respiratory
symptoms that may appear continuously or with sea-
sonal rhythm. Skin contact with mould-infested sub-
strates and inhalation of spore-borne toxins are also
important sources of exposure (Bennett and Klich
2003). Mycotoxins, even in low concentrations, cause
gastrointestinal disorders, damages to the haemopoi-
etic and genital system, and non-specific symptoms
(asthenia and nausea) similar to those connected with
sick building syndrome (Micalli et al. 2003). According
to some authors, the most common malaises reported
by staff working in libraries, archives, or book contain-
ing premises are dermatitis, rhinitis, allergies, and
asthma (Valentin 2007). During the last 20 years, very
few studies evaluated the health risk resulting from
exposure to this particular environment or from the use

of paper materials. Wiszniewska et al. (2009), concluded
that 30% of museum employees were sensitized to at
least one of the fungal allergens tested and that the
prevalence of allergic symptoms among the subjects
was relatively high and frequently related to specific
sensitization. The most frequent symptoms reported by
the examined subjects were: conjunctivitis (68.5%),
rhinitis (66%), skin symptoms (54%), chronic cough
(26%), and dyspnoea (28%). These symptoms are often
related to the fungal load present in the air of the facili-
ties holding paper-based collections. However, quanti-
tative analysis of fungal load in the air of archives and
libraries was performed by just a few authors (Table 2).

The mentioned studies used the impact method (air
suction and immediate impact on an agar Petri dish)
with contamination determined as CFU/m3, but other
methods and data presentations are possible, some-
times with completely different results (Molina-Veloso
and Borrego-Alonso 2017). Such non-volumetric air
sampling methods should only be used as preliminary
or when only qualitative information is sought (Samson
et al. 2000).

Some of the available proposals regarding fungal
load indoor air limits (considering multiple building
types) for health-risk are presented in Table 3. When
considering human health, the data obtained from the
air contamination studies presented in Table 2 reveals
higher than recommended values by most of the exist-
ing guidelines on indoor air quality (Table 3). Despite
the fact that environments containing fungal counts
between 1 and 1000 CFU/m3 are considered low conta-
minated environments (according to (Nevailanen and
Hyvarynen 2015)) one must take into account the fact
that “total” levels of airborne microbial particles are nor-
mally between 10 and 100 times higher when using
other than culture-based evaluation methods (Lignell
et al. 2008; Nevailanen and Hyvarynen 2015) and this is
probably the cause why, even in low mould-contami-
nated indoor settings, there are occupational diseases
such as asthma, fungal allergy, hypersensitivity pneu-
monitis, and other health outcomes (Nevailanen and
Hyvarynen 2015).

Table 2. Fungal contamination in indoor air determined for archives and libraries in different countries, analysed by the
impact method.
Fungal concentration (CFU/m3) Archive or library References

From 100 to 500 Library of the Lithuanian Academy; Lithuania Lugauskas and Krikstaponis (2004)
From 300 to 800 Martynas Ma�zvydas National Library of

Lithuania, Lithuania
Lugauskas and Krikstaponis (2004)

Average values between 180 and 2300 Library and Archive Storage, Poland Zieli�nska-Jankiewicz et al. (2008)
From 200 to circa 1500 Historical Archive of Ca’ Granda; Italy Cappitelli et al. (2009)
From 2 to 200 Arquivo Distrital de �Evora; Arquivo Hist�orico

Ultramarino; Instituto de Habitaç~ao e
Reabilitaç~ao Urbana; Torre do Tombo

Pinheiro (2014); Pinheiro (2015)

From 10 to 180 Archivo Nacional de Cuba Molina-Veloso and Borrego-Alonso (2017)
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High-level exposure to airborne viable fungi (106

CFUs/m3) was determined as the cause in a case of
organic dust toxic syndrome in a museum staff han-
dling mouldy books (Kolstad et al. 2002). According to
Zieli�nska-Jankiewicz et al. (2008), some of the archive
workers who participated in a survey conducted by
Schata in 1995 reported various skin, eye, and respira-
tory symptoms which could have been associated with
occupational exposure to moulds. It was estimated that
about one-third of archive workers might have devel-
oped an allergy to moulds, which is about twice as high
as in the general population. The workers taking part in
the survey performed by Krake et al. in 1999 (Zieli�nska-
Jankiewicz et al. 2008), reported respiratory and sinus-
related symptoms which could have been associated
with workplace exposure to moulds. In that study,
mycological microflora belonging mostly to the
Penicillium, Cladosporium, Aspergillus, Alternaria, and
Tritirachium genera was detected in levels that ranged
from 200 to 450 CFU/m3, depending on the facility, but
for the Tritirachium species levels of approximately
800 CFU/m3 were measured.

Attempts have been made to determine the min-
imum amounts of CFU necessary to induce a negative
reaction. This has not been an easy task since individu-
al’s variability alone is enough to impair the result from
exposure to a given fungus or amount of fungi. Health-
risk levels suggested in the literature vary greatly from
author to author and throughout the years. Being a

much more recent discipline, no globally accepted
international standard for paper conservation has yet
been established (Cappitelli et al. 2010), either regard-
ing the species or the number of fungi that can be con-
sidered dangerous when present in an archival
environment. However, some countries have designed
their own national guidelines and some countries have
set them informally (Brokerhof et al. 2007; Harkawy
et al. 2011).

Table 3 also presents the guidelines proposed for
fungal load in distinct countries for paper conservation.
All the studies presented in Table 2 indicate contami-
nated environments, according to the lowest level
established by the Dutch National Archives guidelines
(Table 3).

The measured CFU/m3 variation is very high
between countries (Table 2), within the same country
and within the same facility at different seasons. Given
this variability and the specificity of different fungal
species regarding their toxic and deteriorating poten-
tial, it is probably too difficult (not to say misleading) to
define an international maximum value of fungal load
for conservation, instead, these values should be kept
as low as possible. Studying the features of outside air,
the least contaminated location and comparing them
with the locations depicting a higher value should be a
valuable aid in adopting the necessary practices to
reduce fungal contamination. Periodic assessments, as
well as a qualitative characterization of the fungal

Table 3. Fungal load indoor air limits for conservation and health-risk proposed by distinct authors in different countries and
organisations.
Fungal load limits and guidelines for Human Health (CFU/m3) References

>100 is a sign of internal contamination Ohgke et al. (1987); Hurts et al. (1997)
<150 World Health Organisation

(Goyer et al. 2001)
<200 Yang et al. (1993); Etkin (1994)
<500 Reynolds et al. (1990)
2000 – very high contamination and a health threat Kl�anov�a (2000); Zieli�nska-Jankiewicz et al. (2008)
<25 – Very low contamination
25–100 – Low contamination
100–500 – Intermediate contamination
500–2000 – High contamination
>2000 Very high contamination

Hayleeyesus and Manaye (2014)

Fungal load limits and guidelines for Conservation (CFU/m3) Country References

100
120

France Capderou and Flieder (1999)
Parchas (2009)

150 Italy MIBAC (2001)
200 Poland Karbowska-Berent et al. (2011)
50 for particular species
150 for a mixture of several species
500 for common airborne fungal contaminants

Cieplik, 1997 (in Harkawy et al. (2011))

0–25 no expected problems;
25–100 possible presence of source, further testing needed;
100–1000 source present
>1000 active mould growth

Netherlands (The Dutch
National Archives)

Brokerhof et al. (2007)
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communities present, is also extremely important as it
allows early detection of a shift in population – either
in terms of the species or present amounts. Periodic
surface analysis – and determining a desirable contam-
ination level (after regular cleaning, for instance) – can
also help determine whether or not to increase main-
tenance efforts.

The proposed values for maximum loads of fungi
presented in Table 3 can be quite varied, do not
depend on the fungal species, and the reasons behind
a given value are not always well explained.
Geographic differences should also be considered since
a country’s climatic characteristics are intimately related
to the fungal flora. As in other settings, there are no
proposed limits for surface contamination (CFU/m2). It
would be of great interest to determine these limits
since it is the surface of books and their condition that
we intend to see preserved. As happens with the limits
proposed for human health, the theoretical and experi-
mental bases for the proposed numbers are sometimes
difficult to ascertain. The extreme variability in the men-
tioned values may also be interpreted as a pointer to
the need for identifying the species present in a given
environment.

Conclusions

This review gathers studies from across the globe,
showing us the fungal communities encountered so far
in samples taken from altered paper samples, surfaces,
and in the air of archives and libraries. A high number
of different species were identified for the following
genera: Penicillium (61 species), Aspergillus (44 species),
Cladosporium (19 species), Chaetomium (16 species),
and Trichoderma (11 species).

The most common genera found in the air of
archives resemble the outdoor fungal flora as well as
common contaminants of other unrelated settings.
However, fungi like Fusarium sp., Chaetomium sp., and
Geotrichum sp. display higher than usual frequencies in
the air from archives and libraries. Many of the fungi
most commonly encountered inside these places are
capable of degrading cellulose. When obtained fungal
loads are displayed against the existing guidelines and
guideline proposals, some sampled locations cross the
highest level defined by the Dutch Guidelines, of
1000 CFU/m3. The disparity obtained on CFU/m3 rein-
forces the need for further studies, namely the identifi-
cation of the contaminating species, a measure of great
importance not only for conservation purposes but also
for human health concerns.

The air is not the only source of contamination.
Surfaces are a resting site for fungal particles and often
translate a wider picture in terms of fungal diversity.
The study of these surfaces reveals the communities
from which the biodeterioration agents emerge and
thrive. Another type of surface considered in this review
is the specific location where discolouration occurred
and fungal biodeterioration is considered as a possible
cause. For the most relevant fungal elements encoun-
tered in these specific locations, the methods of identi-
fication are also presented.

Regarding fungal identification, determining the
microfungal agents responsible for paper biodeteriora-
tion has not been an easy task and has led to confusion
and never-ending lists of possible culprits. The identifi-
cation of a fungal genus or species on a document
does not necessarily mean this fungus is the actual
cause. To overcome this issue, evidence suggests the
need for various and simultaneous methods to be
employed since no single method developed so far
gives us the full picture. Also, to be able to make the
most out of every research project, to achieve compar-
able results and truly advance in the field, a joint effort
is being made to define standard operating procedures
and create an environment where different back-
grounds and expertise come together to address this
important and complex field. Several initial measures
are to be taken. The first step is the creation and man-
agement of a databank with information related to
what, where and how microorganisms were isolated
from cultural heritage artefacts. Reviewing all the avail-
able data is, hence, of pivotal importance and we hope,
as participants of this initiative, to ease the way into the
world of paper biodeterioration by fungal agents.
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edif�ıcios existentes no Âmbito do RSECE [Technical note -
NT-SCE-02- Methodology for periodic IAQ audits of exist-
ing buildings within the RSECE (Regulation of Energy
Conditioning Systems in Buildings)]. Lisbon.

Oetari A, Susetyo-Salim T, Sjamsuridzal W, Suherman EA,
Monica M, Wongso R, Fitri R, Nurlaili DG, Ayu DC, Teja TP.
2016. Occurrence of fungi on deteriorated old dluwang
manuscripts from Indonesia. Int Biodeterior Biodegr. 114:
94–103.

Ohgke H, Geers A, Beckert J. 1987. Fungal load of indoor air
in historical and newly constructed buildings used by pub-
lic services. In: Seifkrt B, Worn H, Fischer M, Ruden H,
Wegner J, editors. Proceedings of the 4th International
Conference on Indoor Air Quality and Climate. Berlin
(West): Institute of Water, Soil and Air Hygiene; p.
681–684.

Okpalanozie OE, Adebusoye SA, Troiano F, Catt�o C, Ilori MO,
Cappitelli F. 2018. Assessment of indoor air environment
of a Nigerian museum library and its biodeteriorated
books using culture-dependent and – independent techni-
ques. Int Biodeterior Biodegr. 132:139–149.

Oyeleke SB, Egwim EC, Auta SH. 2010. Screening of
Aspergillus flavus and Aspergillus fumigatus strains for
extracellular protease enzyme production. J Microbiol
Antimicrob. 2:83–87.

Pandey S, Srivastava M, Shahid M, Kumar V, Singh A, Trivedi
S, Srivastava YK. 2015. Trichoderma species cellulases pro-
duced by solid state fermentation. J Data Mining
Genomics Proteomics. 06:2–5.

Parchas M. 2009. Comment faire face aux risques biologi-
ques? Paris: Direction des Archives de France.

Parra R, Magan N. 2004. Modelling the effect of temperature
and water activity on growth of Aspergillus niger strains
and applications for food spoilage moulds. J Appl
Microbiol. 97(2):429–438.

Pasanen AL, Kalliokoski P, Pasanen P, Jantunen MJ,
Nevalainen A. 1991. Laboratory studies on the relationship
between fungal growth and atmospheric temperature and
humidity. Environ Int. 17(4):225–228.

Pietrzak K, Otlewska A, Danielewicz D, Dybka K, Pangallo D,
Krakov�a L, Pu�sk�arov�a A, Bu�ckov�a M, Scholtz V, �Durovi�c M,
et al. 2017. Disinfection of archival documents using
thyme essential oil, silver nanoparticles misting and low
temperature plasma. J Cult Herit. 24:69–77.

Pinheiro AC. 2015. Fungi in archives: a double concern. In:
Viegas P, Sabino V, Brand~ao V, editors. Environ mycol pub-
lic heal fungi mycotoxins risk assess manage. Oxford:
Academic Press; p. 157–166.

Pinheiro AC. 2014. Fungal communities in archives: assess-
ment strategies and impact on paper conservation and
human health. [dissertation]. Lisbon, Portugal:
Universidade Nova de Lisboa.

Pinzari F, Pasquariello G, De Mico A. 2006. Biodeterioration of
paper: a SEM study of fungal spoilage reproduced under
controlled conditions. Macromol Symp. 238(1):57–66.

Pinzari F, Zotti M, De Mico A, Calvini P. 2010. Biodegradation
of inorganic components in paper documents: formation
of calcium oxalate crystals as a consequence of Aspergillus
terreus Thom growth. Int Biodeterior Biodegr. 64(6):
499–505.

Pitt JI, Hocking AD. 2009. Fungi and food spoilage. 3rd ed.
In: Hocking AD, Pitt JI, Samson RA, Thrane U, editors. New
York (NY): Springer.

Ponce-Jimenez MD, Toral F, Fornue ED. 2002. Antifungal pro-
tection and sizing of paper with chitosan salts and cellu-
lose ethers. Part 1, physical effects. J Am Inst Conserv. 41:
243–254.

Rakotonirainy MS, Heude E, Lav�edrine B. 2007. Isolation and
attempts of biomolecular characterization of fungal strains
associated to foxing on a 19th century book. J Cult Herit.
8(2):126–133.

Reiss J. 1978. Mycotoxins in foodstuffs - XII. The influence of
the water activity (alpha-omega) of cakes on the growth
of molds and the formation of mycotoxins. Zeitschrift Fur
Leb Und-Forsch. 167:419–422.

Reynolds SJ, Streifel AJ, Mcjilton CE. 1990. Elevated airborne
concentrations of fungi in residential and office environ-
ment. Am Ind Hyg Assoc J. 51(11):601–604.

Ricelli A, Fabbri AA, Fanelli C, Menicagli R, Samaritani S, Pini
D, Rapaccini SM, Salvadori P. 1999. Fungal growth on sam-
ples of paper: inhibition by new antifungals. Restaurator.
20:97–107.

Ruegger MJS, Tauk-Tornisielo SM. 2004. Atividade da celulase
de fungos isolados do solo da estaç~ao ecol�ogica de
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