Fungal stains on paper:
is what you see what you get?

Manchas de fungos em papel:
0 que se Vé é o0 que se obtém?

Abstract

Mitigation of fungal biodeterioration on paper documents and artworks represents a chal-
lenge to conservators worldwide. Numerous lists of fungal species have been identified from
paper collections, but are those species responsible for the respective biodeterioration phe-
nomena or just environmental contaminants? The present work was aimed at obtaining an
association between specific fungal stains and causative fungal species. 23 stains from three
paper documents were sampled. Fungal structures observed in situ with optical and scan-
ning electron microscopy were compared with the identification of isolates by molecular
biology tools. Correlation between the observed fungal structures and the identified fungal
isolates was achieved, varying from 13% to 64% of the samples within the three studied docu-
ments. Grey/black and dark brown stains were associated with Chaetomium globosum, C. muro-
rum, Penicillium chrysogenum, P. commune, Myxotrichum deflexum and Stachybotrys chartarum.
Eurotium rubrum was isolated from a foxing stain and Penicillium citrinum was identified on
light orange stains.

Resumo

A mitigagao da biodeteriora¢ao causada por fungos em obras de arte e documentos em papel
representa um desafio para os conservadores em todo o mundo. Intimeras listas de espécies
fangicas tém sido identificadas a partir de cole¢oes em papel, mas serdo estas espécies res-
ponsaveis pelos respetivos fenémenos de biodeterioragio? O presente estudo teve como obje-
tivo associar espécies de fungos especificas a manchas observadas em documentos e obras
de arte em papel. Foram amostradas 23 manchas existentes em trés obras em papel. A obser-
vacdo in situ das estruturas fingicas, com recurso a microscépio 6tico e microscépio eletrs-
nico de varrimento, foi comparada com a identificagdo de isolados através de técnicas de bio-
logia molecular. As manchas negras e de tom castanho-escuro foram associadas as espécies
Chaetomium globosum, C. murorum, Penicillium chrysogenum, P. commune, Myxotrichum deflexum
e Stachybotrys chartarum. A espécie Eurotium rubrum foi isolada de uma mancha de foxing e a
espécie Penicillium citrinum foi identificada em manchas de tom laranja claro.
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Introduction

Biodeterioration caused by moulds is a major problem
affecting paper-based collections in museums, archives
and libraries all over the world [1]. Fungi have the ability to
decompose paper materials, through the production of an
array of deteriorating enzymes and metabolites, causing the
loss of mechanical strength in paper. On an advanced stage
of deterioration by fungi, paper acquires a felted consistency,
with little or no mechanical resistance and its manipulation
may result in losses of material and information. Besides
chemical and physical damage, fungi often cause aesthetic
alterations on paper through the production of coloured pig-
ments, which interfere with the readability of the object and
diminish their artistic and monetary value [2-3]. The chemi-
cal products excreted by the fungi will remain in the paper
matrix and continue their deleterious effects, even after the
fungi are inactivated [4]. Depending on the causative species
is the treatment to be applied, e.g. different stains, created
by different fungi, demand different conservation treat-
ments [5]. However, one must acknowledge that determin-
ing the microorganisms responsible for paper biodeteriora-
tion can be a very complex process that has led to confusion
and never-ending lists of possible culprits.

Fungi have been identified from paper sampling either
by classic morphology identification or DNA sequencing
(by culture dependent processes or direct DNA extraction)
[6-11]. Different methods of analysis have their pros and
cons. Conventional culturing methods highlight the viabil-
ity of the fungal flora and are still the most currently used
for fungal assessment. According to Sanmartin et al. [12],
while cultivation methods generally recover less than 1% of
the total amount of bacteria present in environmental sam-
ples, the recovery rate for fungi is estimated to be more than
70%. Though timeconsuming and requiring a trained eye,
morphologic characterization preceded by culture is widely
available, allows for an easy isolation of single species and
is relatively cheap. But it only provides a partial picture.
Most of the knowledge on fungal flora is lost when using
only morphologic characterization. Even though, the use
of DNA based methods is still hampered by the high costs
and needed technical expertise. Additionally, when extract-
ing DNA directly from samples, the methods of separation
may not be fully reliable on an actual scenario. Most studies
that report fungal organisms dwelling on paper-based sup-
ports make use of the denaturing gradient gel electrophore-
sis (DGGE) method, involving the Sanger sequencing of the
community DNA samples, with adequate designed prim-
ers, and rDNA library construction for clone profiles com-
parison [13-16]. DGGE has been applied to the typification
of fungal communities in cultural heritage studies because
of its advantage of directly profiling microbial populations
present in specific artefact materials [13-14, 17]. However,
in spite of being one of the most used culture-independent
methods in microbial communities typification, ithas a high

cost per sequencing unit and few sequences are obtained
with the clone libraries analysis, thus giving little informa-
tion about the community structure [18-19]. Moreover, this
technique does not provide any information on the activ-
ity/inactivity of a possible causative deteriogen species.
Recently, next-generation sequencing (NGS) has also been
used as a culture-independent method to assess microbial
flora in cultural heritage materials [11, 20-22]. Even though
this metagenomic analysis provides a fast and exhaustive
identification of the present microorganisms, the opera-
tional taxonomic units (OTUs) are obtained with a maxi-
mum 97% similarity, which only allows for a reliable identi-
fication at the genera level.

Regardless of the method, the identification of a fungal
genus or species sampled from a document does not nec-
essarily mean it is the actual cause for the observed biode-
terioration. In fact, what is identified may be contaminant
species and not the actual colonization/degradation culprits
[16]. A few recent studies are already examining microbial
cells directly on biodeteriorated areas, to confirm the pres-
ence of colonizing microorganisms [15-16, 23], but there is
still a general lack of knowledge of the association of par-
ticular types of biodeterioration with specific species.

The aim of the present work was therefore to correlate
fungal stains observed on paper objects with the fungal spe-
cies actually found colonizing those areas. To do so, the fun-
gal species identified by morphologic and molecular biol-
ogy methods were cross-checked with the fungal structures
directly observed in the sampled stains, and the colour of the
stain compared with colourant production by those species
according to the literature. This is the first time such a sys-
tematic cross-validation is performed, to our knowledge.

Materials and methods

Studied documents

Two books and one print on paper, showing fungal stains,
were selected (Figure 1). Document 1 (D1), a paperback wood
pulp printed book dated from 1982, exhibited coloured
stains mainly on the back cover and endleaves. Document
2 (D2), a quarter leather binding book dated from 1853, was
composed of rag paper (endleaves) and printed wood pulp
paper (text block). Coloured fungal stains were observed on
the endleaves and foxing on the text block of D2. Document
3 (D3), a painted print on paper, was profusely stained, with
severe loss of mechanical strength. In all three documents,
the stains were located within or nearby areas delimited by
tide lines, where direct contact with water took place.

Microscopic examination of stains

Stains with distinct appearances under the stereomicro-
scope (Leica MZ16) were selected and sampled using small
squares (2.25 mm?) of adhesive tape (Scotch Magic), or scal-
pel and tweezers [24]. Collected samples were observed by
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optical microscopy (OM) (Zeiss Axioplan 2 imaging system)
with lactofuchsin mounting fluid. When the results obtained
by OM were non-conclusive, scanning electron microscopy
(SEM) (field emission gun scanning electron microscope,
JEOL 7001F) after Au/Pd sputter coating (Q150T ES, Quorum
Technologies) was performed. Only the samples exhibiting
fungal structures were selected for further analysis.

Identication of fungal species

Sterile cotton swabs were used to collect samples from the
selected stains. After a brief shaking in sterile water, for
propagule dispersion, the solution was inoculated in two
Petri dishes, one with potato dextrose agar (PDA, Difco) and
another with malt extract agar (MEA, Difco), followed by
incubation at 28°C. The dierent colonies were isolated into
axenic cultures and incubated for subsequent morphologic
and molecular identication. DNA was extracted from the col-
onies using the Extract-N-AMP (Sigma-Aldrich) kit, accord-
ing to the manufacturer’s instructions. After extraction, the
ITS region was amplied by PCR, using ITS4 and ITS1F prim-
ers. For that purpose, PCR mixes were prepared with 12.5 ul
of Green Master MIX (NZYtech) with MgCl , 0.5 pl of each
primer (10 mM), 10.5 pl of ultra-pure water, and 1 ul of DNA
extract, for a final reaction volume of 25 pl. PCR reactions
were performed using an ABI GeneAmp PCR System 9700
(Applied Biosystems), with the following conditions: initial
denaturation at 95° C for 2 min, followed by 30 cycles of dena-
turation at 95° C for 1 min, annealing at 53° C for 1 min, and
extension at 72° C for 1 min, with a final extension at 72° C
for 5 min. Visual confirmation of the overall amplication
of the ITS region was performed using agarose gel electro-
phoresis (1.2%) stained with Greensafe Premium (NZYTech)
and photographed in an image capture device (Bio Rad Gel
Doc XR). Amplification products were sequenced using an
ABI 3730 genetic analyser, with the Big Dye v.3 Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems).
Obtained sequences were analysed and ran in NCBI's BLAST
(Basic Local Alignment Search Tool) database in order to
assess the similarity with published sequences. For similar-
ity values higher than 99%, the molecular identication was
considered a valid match, although thoroughly confirmed
by morphological traits according to Watanabe [25] and
Seifert et al. [26].

Results and discussion

Twenty-three stains with different appearances were sam-
pled from the studied documents (D1=8; D2=4; D3=11). As
presented in Table 1, sampled stains of which observed fun-
gal structures did not correspond to the identified fungal
species, were classified as a negative correlation. On the
other hand, when the observed fungal structures could have
been produced by the identified fungal isolates we could not
ascertain an unequivocal match since there are numerous

£1# auexqied
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Figure 1. The three biodeteriorated documents used as case studies:
a) Document 1; b) Document 2; ¢) Document 3.

species from each genus producing similar cells. In those
cases, a possible correlation was assigned (Table 1).

The percentage of samples with retrievable isolates varied
greatly within the three analysed documents, from 25%no D1
book to 82% on D3 print (Figure 2). Unlike documents D2 and
D3, document D1 had already been mechanically cleaned.
This procedure, by removing the aerial reproductive struc-
tures, which are more resilient than vegetative structures,
diminished the probability of collecting viable cells within
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the sampling swabs. On D3 print, conversely, the stains were
profusely covered by aerial reproductive structures, increas-
ing the probability of collecting the fungal cells belonging to
the species responsible for the observed biodeterioration.
Within the two samples from D1 yielding isolates (Table
1), no correspondence between the observed microbial
structures in D1-B (Figure 3a and 3b) and the characteris-
tic cells from the obtained isolates (P. citrinumand C. globo-
sum) was achieved. In D1-H sampling point, though, black
hairy ascomata were observed on top of the paper (Figure
3¢) and brown, lemon-shaped cells (9-10 x 7-8.5 um) observed
within the paper fibres (Figure 3d), which are in accord-
ance with the characteristic melanised perithecia and
ascospores, respectively, of the identified Chaetomium glo-
bosum [27] (Table 1). C. globosum has ascospores instead of
conidia, and ascospores have higher resistance to heat, pres-
sure and chemicals [28], which may have contributed to the
maintenance of this species viability within the sampled
document. C. globosum has been frequently identified from
paper objects [3, 11, 29] and is able to colonize paper due to
its amylolytic, cellulolytic, and proteolytic activities [30-31].
Document D2 showed Penicillium-like conidiophores on
the light orange spots on stain D2-A, where P. citrinum was
identified. Accordingly, this fungus is known to produce yel-
low-orange soluble colourants [32]. P. citrinum is commonly
identified from paper collections [3, 6, 8, 33-35] and has shown
to possess high amylolytic activity but low cellulolytic activ-
ity [36]. Even though, in the purple area of this same stain

(Figure 4a), several 2-3 um spherical conidia with roughened
walls were observed within the fibres (Figure 4b) under SEM.
The species responsible for the production of those conidia
remained unidentified since no other isolates were obtained.

Samples D2-C and D2-D were both collected from fox-
ing spots, but only from sample D (Figure 4c), an isolate was
retrieved: Eurotium rubrum (Table 1). Fungal spores com-
patible with Eurotium species were observed in D2-D stain
(Figure 4d). This xerophilic fungus [28] has been previously
identified on foxing stains and is able to produce brown col-
ourants [37-38].

Document D3 exhibited mostly dark brown or black
stains. Sample D3-A (Figure 5a) revealed Stachybotrys char-
tarum characteristic conidiophores and black conidia [27]
(Figure sb), in a well-developed black coloured colony.
However, the obtained isolates did not match this species
(Table 1). On sample D3-E, on the other hand, an isolate from
S. chartarum was identified, which could result from cross-
contamination, since D3-A and D3-E were closely located.
S. chartarum, a known paper colonizer [39-40], is a melanin
producer [41], hence the black colour of its colony. Being a
producer of highly toxic mycotoxins [42], the identification
of such a developed colony of S. chartarum on this document
alerts to potential health hazards related to the handling of
fungal contaminated objects.

The high frequency
(= Botryotrichum murorum [43]) on document D3 is note-
worthy, since this species is rarely identified on paper

of  Chaetomium  murorum

Table 1. Sampled stains from Document 1 (D1), Document 2 (D2) and Document 3 (D3) with respective observed colour and L*a*b* coordinates, isolated
fungal species, and correlation with fungal structures directly observed in the stains (—: negative correlation; +: possible correlation).

Doc Stain Colour Isolated fungi (similarity %) ﬁ;:;:sei:n ocl;):::‘l;tci;)irslolate d
D A .. Brownishgrey oo NIA e NA o NA o
Dark grey Penicillium citrinum (99) . KT898637.1 e
........................................................................................... Chactomium globosum (99) = EU128633.1 = o
G GreyishBrown .. NIA e NA o NA o
Do Orange e NIA e NA o NA o
B Greyishbrown = o NIA e NA o NA o
B Reddishbrown .. NIA e NA o NA o
G Brown, black &olive greenspots N/A NA o NA o
H Dark brown spots _Chactomium globosum (99) ~ EUssoé2s2 + .
............................................................................... Chaetomium globosum (99) = AB44967L1 &
- S Purple with orangespots . Penicillium citrinum (99) KP942004.1  * oo
B Brown/orange, greyspots | NIA e NA o NA o
G Brownishorange NIA e NA o NA o

D Brownish orange Eurotium rubrum (99) U18357.1 +
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Table 1 (continued)

Doc Stain Colour Isolated fungi (similarity %) ﬁ;ﬁ;il:n ocl::::\lrztc;;)i:olate d
D3 A Dark brown/black Chactomium murorum (99)  JQod6413.1 -
Chactomium nigricolor (99) JFA39467.1 = o
........................................................................................... Penicillium chrysogenum (100) | KT898599.1 = o
B Dark brown spots Chactomium murorum (99)  JQo46413.1
Penicillium chrysogenum (99)  KT898599.2 =
Chactomium murorum 100) _ JQo46413.1
Penicillium chrysogenum (99)  KT898599.1 =
........................................................................................... Chactomium murorum 100) _ JQo464131  + .
c Dark brown/black Chactomium murorum (99) JQo46413.1 4
Chactomiumsp. (99) . KC4270071 F e
Penicillium chrysogenum (99)  KT898599.1 =
Penicillium chrysogenum (99)  KT898599.1 = o
Chactomium murorum 100)  JQod6413.1  +
........................................................................................... Chactomium murorum 100) _ JQo464132 + .
D Dark brown Myxotrichum deflexum (99)  JQ781738.1 4
Penicilliumsp. (99) JQBI832L T
Myxotricum deflexum (99)  ~ JQ7817381  *
........................................................................................... Myxotricum deflexum (99) ~ JQ781738.1 4 o
E Dark brown spots Chactomium murorum (99) JQod6413.1 4
Penicillium chrysogenum (99)  KT898599.1 =
Chactomium murorum (99)  JQo46413.1 4
Chactomium murorum (99)  JQo46413.2 &
........................................................................................... Stachybotrys chartarum (99) = AFOBI468.2 = e
...................... Darkbrownspots . Penicillium chrysogenum (99) KT8985991 = oo
G Dark brown Penicillium chrysogenum (99)  LN809047.1  + o
Penicillium chrysogenum (99)  KT898599.3 * o
........................................................................................... Penicillium chrysogenum (99)  LN809OAZ.L
H Dark brown Penicillium commune (99) | GQAS8026.1 t
Penicillium commune (99) | GQUS8026.1 t
Penicillium chrysogenum (99) | JQ781835.1  + o
........................................................................................... Penicillium commune (99)  GQas8o261 o+ .
R BIOWI e NIA e NIA o NA o
R BIOWI e NIA e NA o NA o
K Dark brown/black spots Chactomium murorum (99)  JQod6413.2 &
Chactomium murorum 100)  JQo46413.2  +
Chactomium globosum (99) EU301639.1 + e
Chactomium murorum (99) JQod6413.1

Chaetomium globosum (99) AB449671.1 +

N/A: not applicable, no isolates were obtained.
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Samples with retrieved viable isolates (%)

m Samples with possible match observation/identification (%)

25%

.
DOCUMENT 1 (N=8)

Y

.

DOCUMENT 2 (N=4)

DOCUMENT 3 (N=11)

Figure 2. Percentage of samples yielding viable isolates, and samples with
possible correspondence between observed fungal structures on the stains
and identified isolates.

[11, 44], whilst C. globosum is much more frequent [3, 11, 29,
34]. Chaetomium species are well known for their ability to
degrade cellulose [43]. C. globosum, the most common species
of the more than 400 existing species of the Chaetomiaceae
family in the indoor environment, has shown to be one of
the important contributors to the development of symp-
toms of rhinitis, asthma and other health problems, being
the most common human pathogen associated with nail
infection [43]. Nevertheless, little is known about the other
Chaetomium species and their potential hazard to humans
and materials. Wang et al. [43] analysed the metabolic pro-
file of several Chaetomium species and C. murorum has shown
to produce a lower variety of toxic metabolites than C. glo-
bosum. Pietrzak et al. [45] analysed different fungal strains
for their cellulolytic activity and C. murorum and C. globosum
strains revealed no and low cellulolytic activity, respectively.

Myxotrichum deflexum, observed (Figure 5d) and identi-
fied (Table 1) on stain D3-D (Figure 5¢), with its large dark
brown balls of branching hyphae [46], has already been pre-
viously identified from paper collections [11, 47]. This species

Figure 3. Stereo microscopy and OM images of stains and fungal structures observed on document D1: a) stain D1-B under the stereomicroscope; b) OM
image of microbial cells observed on sample D1-B; ¢) stain D1-H under the stereomicroscope; d) OM image of ascospores observed within the paper fibres
on sample D1-H.
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Figure 4. Stereo microscopy images of stains and SEM images of the respective fungal structures observed on document D2: a) stain D2-A under the
stereo microscope; b) SEM image of conidia observed on the purple area of sample D2-A; ¢) stain D2-D under the stereo microscope; d) SEM image of
spores observed on sample D2-D.

has also shown to possess paper colonizing ability due to its
medium cellulolytic activity [45].

On both D3-G and D3-H samples, analogous agglom-
erates of spherical to ellipsoidal smooth walled conidia
(2.5-3.7 pm) were observed, with some conidial chains. These
cells are consistent with the identified Penicillium species
(P. chrysogenum and P. commune). Although no conidiophores
were observed on the samples, which would help sustain the
visual correlation with the obtained identification, getting
multiple isolates of the same species in each sample supports
a possible correlation. Fresh colonies of these Penicillium spe-
cies have green hues but get darker with age [27], which
could justify the dark brown colour observed on the stains.

On document D3, multiple isolates were retrieved from
most stains. This can be the result of cross-contamination
within the document: several fungal species were isolated
from stains other than the ones where they were microscop-
ically observed (Table 1). Besides, a stain caused by microor-
ganisms can result from sequential or simultaneous coloni-
zation by different species.

According to Figure 2, the percentage of samples with
a possible match between observed fungal structures and
identified fungi varied from 13 to 64%, within the three stud-
ied documents. The lack of sampling material on previously
cleaned stains (D1) was a limiting factor. In addition to fungi,
bacteria, which were not targeted on the present work, can
also be responsible for stains on paper and can coexist with
fungal species [16]. Since the identification of fungi was
preceded by culture, only the species still viable and able to
develop on the tested growth media could be identified, but,
as described in the introduction section, all identification
methods have limitations, which have to be assumed. New
alternative methods are required, which can more directly
relate a certain type of biodeterioration with its culprit.

Metabolite profiling can be a powerfull tool in the future,
so that by analysing the chemical composition of a fungal
stain we could point out to a possible perpetrator [12]. In the
end, if the removal of a stain or neutralization of its noxious
metabolites is the aim, knowing their chemical composition
may be sufficient, although non-invasive methods with high
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o

Figure 5. Stereo microscopy images of stains and OM images of the respective fungal structures observed on document D3: a) stain D3-A under the
stereomicroscope; b) OM image of conidiophore and conidia (lower left corner detail) of Stachybotrys chartarum observed on sample D3-A; ¢) stain D3-D
under the stereomicroscope; d) OM image of peridial hyphae and cleistothecium (upper right corner detail) of Myxotricum deflexum, observed on sample

D3-D.

enough sensitivity to identify metabolites from cultural her-
itage objects are still needed.

The analysis presented here aimed to assign particular
fungal species to specific types of biodeterioration, hence
contributing to the development of proper and more focused
conservation strategies to mitigate fungal biodeterioration
of paper.
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