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Abstract: A historical crypt offers us a particular view of the conditions of some buried materials
(in this case textiles) and the various biogenic phenomena to which they were subjected over the
centuries. In addition, significant knowledge can come by studying the DNA of buried objects which
allows the recognition of materials, but also to reveal some practice of the funeral ceremony. In this
study, the deteriorating microbial communities colonizing various funeral textile items were identified
and characterized using microscopic observation, cultivation, polymerase chain reaction (PCR)
and sequencing, hydrolytic tests; and culture-independent analysis (high-throughput sequencing,
MinION platform). Different PCR assays and consequent sequencing of amplicons were employed
to recognize the animal origin of bodice reinforcements and the type of plant used to embellish
the young girl. The analysis of ancient DNA (aDNA from animal and plant) was also completed
by the application of high-throughput sequencing through Illumina platform. The combination of
all these techniques permitted the identification of a complex microbiota composed by dangerous
degradative microorganisms able to hydrolyze various organic substrates such as fibroin, keratin,
and cellulose. Bacteria responsible for metal corrosion and bio-mineralization, and entomopathogenic
and phytopathogenic fungi. The analysis of aDNA identified the animal component used in bodice
manufacturing, the plant utilized as ornament and probably the season of this fatal event.
Keywords: microbial community; biodeterioration; high-throughput sequencing; MinION approach;
SEM; aDNA; animal; plant

1. Introduction
At the beginning of a restoration and conservation trial it is necessary, when it is possible,
to analyze the target items in order to know well their characteristics and their degree of conservation.
Among the various possible investigations, the microorganisms’ identification and their degradation
abilities are important to perform using culture-dependent and –independent approaches [1,2]. In fact,
the responsibility of microbial communities on the deterioration of cultural heritage items is largely
accepted by the scientific community and operators [3–5]. Regarding the microbial action on fabric
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produced by natural fibers there is a widespread opinion that filamentous fungi are responsible for
the biodeterioration of cellulosic textiles (cotton, linen, hemp, and jute), while bacteria primarily
degrade animal fibers (silk and wool) [4,6]. In the past, some attempts were tried to investigate
silk biodegradation in laboratory conditions [7] using bacterial strains. A deep analysis of bacterial
community present on museum silk velvet was also attempted [8]. Only recently a study described
the role of mold in silk deterioration, although the studied items were manuscript pages where the
silking technique was applied [9]. The silk objects investigated in this manuscript are buried clothes,
therefore they were subjected to particular conditions, different to those described by previous works.
Moreover, to our knowledge a complete microbial investigation (including culture-dependent and
culture–independent approaches) was never performed for these kinds of objects coming from this
specific environment.
Various molecular biology techniques can help also to well recognize some materials, which other
methods are not able to properly identify. Many cultural heritage items made by organic materials,
of animal and plant origin, can be classified by the DNA analysis [10,11]. Another aim of our study
was the DNA recognition of some no-well identified items.
The basilica of St. Giles is the most important monument on the principal square in Bardejov
(Slovakia), which is inscribed in the UNESCO World Cultural and Natural Heritage. At the beginning
of the second half of the XVII century a young girl was buried under the presbytery of this basilica.
In addition to the bone remains of the girl, the archaeological study also brought to light the funeral
clothes and accessories worn by the girl. Several of these girl’s items, mainly diverse textile objects,
should be restored in order to set up a permanent exhibition of the finds discovered during the various
archaeological studies.
We have focused our attention on those cloth objects which on their surfaces seemed to have
biodeterioration phenomena and also on establishing the origin of the materials used to manufacture
the stiffening material of bodice and the decorative plant relic on the girl’s head.
The microbiological survey was performed combining microscopic observation, culture-dependent,
hydrolytic plate assays, and culture-independent approaches (MinION platform). The DNA analysis
of bodice sticks and plant decoration was attempted using specific polymerase chain reaction (PCR)
assays and high-throughput sequencing.
2. Materials and Methods
2.1. Sampling Strategy, Microbiological Cultivation, and Microscopic Observation
Several samples were taken from the three textile objects better conserved: the bodice, the cap,
and the head-band. We have tried to pick up samples from parts that showed some biodeterioration
phenomena under the constant supervision of restorers. The sampling campaign was carried out
4 days after the archaeological excavation. The objects were conserved in clean plastic boxes inside the
sacristy of the church.
The microbiological sampling was performed using nitrocellulose membranes (5 samples; a–f) [12].
Three samples were obtained from the silk bodice; two from the front of the bodice: (a) from the ribbon;
(b) from the body (Figure 1A). The third from a portion of tissue covering the stiff reinforcement (c),
the sampling was performed on the backside of the bodice (Figure 1B). The other three samples were
taken from the items which adorned the head of the girl: (d) from the silk bobbin lace; (e) from the
linen coronet; (f) a little fragment of the decorative plant sprig (Figure 1C). A small piece of the stick
used as stiff material (g) of the bodice was collected also for molecular analysis (Figure S1).

Appl. Sci. 2020, 10, 5451

3 of 19

Figure 1. (A) Front side of the bodice with the samples a and b. (B) Back side of the bodice with the
sample c. (C) Decorative accessories of the head, samples d, e, and f.

The nitrocellulose membranes were cut in several small pieces, suspended in 2 mL of physiological
solution and shaken overnight. This suspension was used for preparing the decimal dilution.
Two-hundred microliters of each dilution were spread in diverse agar media. The bacteria were
isolated on plates of Actinomycete Isolation Agar (AIA; Himedia, Mumbai, India); Reasoner’s 2A
(R2A; Himedia) and LB10 agar (peptone 1 g l−1, yeast extract 0.5 g l−1, NaCl 1 g l−1, agar 15 g
l−1; [13]). The agar media suitable for the cultivation of fungi were Malt Extract Agar (MEA; Himedia)
and Dichloran Rose Bengal Chloramphenicol (DRBC; Himedia). The plates were incubated at room
temperature (24–26 ◦ C) and checked for the microorganisms’ growth for a minimum of two weeks.
In the isolation plates a limited number of microorganisms grew. Therefore, all these microorganisms
were purified performing several inoculation steps on R2A and MEA plates. The purified bacteria and
fungi were maintained on plates of R2A and MEA, respectively.
Portions of the 25 mm nitrocellulose membranes, used for the microbiological sampling, were
examined by scanning electron microscope (SEM; Jeol JSM 6610, Tokyo, Japan). Prior to SEM
observation, the samples were sputtered with gold ions [12].
2.2. DNA Identification of Isolated Microorganisms
The DNA from bacteria was extracted using the kit Instagene (Biorad, Hercules, CA, USA)
following the instruction of the manufacturer. The DNeasy Plant Mini kit (Qiagen, Hilden, Germany)
was utilized to extract the fungal DNA.
The 16S rRNA gene was amplified, using the primers 27f (5’–AGA GTT TGA TCC TGG CTC
AG-3’) and 685r (5’-TCT ACG CAT TTC ACC GCT AC-3’ [14]), for identifying the isolated bacteria by
sequencing. The fungal isolates were identified by the amplification and consequent sequencing of the
internal transcribed spacer (ITS) fragment using the primers ITS1 (5’-TCC GTA GGT GAA CCT GCG
G-3’) and ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’ [15]).
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Twenty-five microliters of PCR mixture contained 50 pmol of each primer, 200 µmol l−1 of dNTP
(Life Technologies, Gaithersburg, MD, USA), 1.5 U HotStar Taq plus DNA polymerase (Qiagen), 1×
PCR buffer and 3 µL of the extracted bacterial or fungal DNA. The PCR program consisted of an initial
denaturation at 94 ◦ C for 5 min, followed by 30 cycles (denaturation at 94 ◦ C for 30 s, annealing at 54
◦ C for 45 s, extension at 72 ◦ C for 1 min) and a final polymerization step at 72 ◦ C for 10 min.
PCR products from both fungal and bacterial isolates were purified using ExoSAP-IT (Affymetrix,
Cleveland, OH, USA) and sequenced at a commercial facility (Eurofins Genomics, Ebersberg, Germany).
The obtained sequences were directly compared with those in GenBank using BLAST program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and were subsequently deposited in GenBank under the
accession numbers MT256363-MT256375 (bacterial isolates) and MT256388-MT256394 (fungal isolates).
2.3. Hydrolytic Extracellular Enzyme Assays
A loop for bacterial cells and a needle for fungal inoculation were used to transfer freshly grown
cultures from the medium of maintenance to the center of Petri dishes with specific agar media,
in order to assay their hydrolytic abilities. Congo red agar [13] (0.5 g l−1 KH2 PO4 , 0.25 g l−1 MgSO4 ,
2 g l−1 cellulose, 0.2 g l−1 Congo red, 2 g l−1 gelatin, 15 g l−1 agar; pH 6.8–7.2), Gelatin agar [13]
(0.5 g l−1 KH2 PO4 , 0.25 g l−1 MgSO4 , 4 g l−1 gelatin, 15 g l−1 agar), R2A supplemented with
gelatin (18.12 g l−1 R2A agar and 4 g l−1 gelatin) and Fibroin agar [1] (1 mL of fibroin and 1.5 g
of agar were mixed in 100 mL of distilled water) were used to assess the cellulolytic, proteolytic
(gelatin-based agars) and silk deterioration properties of isolates, respectively. The keratinolytic activity
was assayed through a keratin medium [2] (0.5 g l−1 KH2 PO4 , 0.25 g l−1 MgSO4 , 4 g l−1 keratin, 15 g
l−1 agar). All chemicals except hydrolysed keratin (Vipo a.s., Partizánske, Slovakia) were bought from
Sigma-Aldrich. A positive reaction was manifested by a clear zone around the investigated colony.
The hydrolytic assays were performed in triplicate. All plates were incubated at room temperature
(24–26 ◦ C) for a maximum of 10 days. The positive hydrolytic reaction was represented by a clear zone
around the microbial colony. The size (mm) of each hydrolytic area was measured from the edge of the
colony to the edge of the zone. The microbial colony was not included in the measurement.
2.4. Total Microbial Community DNA Extraction and PCR Amplifications
The rest of the suspension (described on paragraph “Sampling strategy, microbiological cultivation
and microscopic observation”), containing very small membrane pieces, was centrifuged and from the
obtained pellets the DNA was extracted using DNeasy PowerSoil extraction kit (Qiagen) following the
protocol provided by the producer.
The bacterial 16S rRNA gene was amplified with the primers 27f (as above) and 1492r (5’-GGT
ACC TTG TTA CGA CTT-3’ [14]), while the fungal community was analyzed by the amplification of the
ITS fragment (ITS1 and ITS4 primers, as above) and the 28S rRNA gene by the primers NL1 (50 -GCATAT
CAATAA GCG GAG GAA AAG-30 ) and NL4 (50 -GGT CCG TGT TTC AAG ACG G-30 [16]). The PCR
products were purified using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA).
2.5. Library Preparation for Microbial Communities’ Analysis
The library for nanopore sequencing by MinION platform was made from purified amplicons using
Ligation Sequencing Kit 1D (SQK-LSK108) as described previously [17]. Briefly, the process comprised
the following parts: (i) the ends of amplicons were prepared by Ultra II End-prep reaction buffer and
Ultra II End-prep enzyme mix from the NEBNext Ultra II End Repair/da-Tailing Module (New England
Biolabs, Ipswich, MA, USA), (ii) ligation step with Barcode Adapters was performed using previous
End-prep. DNA, Barcode Adapter (PCR Barcoding kit 96, Oxford Nanopore Technologies, Oxford,
UK) and Blunt/TA Ligase Master Mix (NEB) and (iii) Barcoding PCR was performed using one of PCR
Barcode primer (BC1-BC96) from PCR Barcoding Expansion Pack 1–96 (EXP-PBC096, ONT), LongAmp
Taq 2x master mix (NEB) and Nuclease-free water (Qiagen). For the Barcoding PCR, the following
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steps were used: initial denaturation step (95 ◦ C, 3 min), followed by 19 cycles (95 ◦ C for 15 s.; 62 ◦ C
for 15 s.; 65 ◦ C for 2 min) and final extension step (65 ◦ C for 10 min).
The intermediate purification steps by Agencourt AMPure XP magnetic beads (Beckman Coulter)
and the DNA fluorometric quantification procedures with Qubit v2 Fluorometer (Invitrogen, Waltham,
MA, USA) using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) were
performed between each of the three abovementioned parts.
2.6. Pooled Library Preparation and Flow-Cell Processing
Each sample labeled by unique barcode was equimolar pooled to final 1 µg of DNA in 45 µL
Nuclease free water (Qiagen). The procedure of second end- preparation using NEBNext Ultra II
End Repair/da-Tailing Module (New England Biolabs) chemistry and control DNA CS (DCS; Ligation
Sequencing kit 1D, Oxford Nanopore Technologies), and also the second adapter ligation procedure
of thus end-prepared DNA using Adapter Mix 1D (AMX1D; Ligation Sequencing kit 1D, ONT) and
Blunt/TA Ligase Master Mix (NEB) were done following the instructions in 1D PCR barcoding (96)
genomic DNA (SQK-LSK108) protocol.
Also the final cleaning procedure using Agencourt AMPure XP beads (Beckman Coulter), Adapter
Bead Binding buffer (ABB; Ligation Sequencing kit 1D, Oxford Nanopore Technologies) and Elution
Buffer (ELB; Ligation Sequencing kit 1D, Oxford Nanopore Technologies) was performed following
the recommendations of the manual supplied by the manufacturers (1D PCR barcoding (96) genomic
DNA SQK-LSK108).
The prepared library was stored on ice during the priming of the SpotON flow cell (FLO-MIN
106D R9 Version, Oxford Nanopore Technologies). Seventy five microliters of sample composed
from Running Buffer (RBF, Oxford Nanopore Technologies), Loading Beads (LLB; Oxford Nanopore
Technologies), Nuclease-free water and DNA library was loaded to the flow cell via the SpotON sample
port according manufacturer’s recommendations.
2.7. Sequencing Performance and Evaluation
Sequencing run was performed for 48 h on MinION sequencer (Oxford Nanopore Technologies)
using R9 flow cell, connected to the appropriate personal computer meeting the recommended criteria.
The MinKNOW™ software was used to check the number of active pores and used with the default
settings. After sequencing, the Fast5.tmp files were converted to Fast5 files via command prompt.
Reads were then base called using Albacore (Oxford Nanopore Technologies) and split by barcodes
with EPI2me Desktop Agent (Oxford Nanopore Technologies Metrichor). Taxonomic classification and
quantitative analysis of reads derived from 28S rRNA amplicons were performed using “What’s in
my pot” tool (WIMP, Oxford Nanopore Technologies). In the case of bacterial taxa classification and
quantification, the workflow for 16S rRNA gene encoded amplicon analysis in EPI2ME Agent was
chosen. The minimal quality score in both cases was set to 7.
2.8. DNA Analysis of Plant Sprig and Stiff Material
The DNA from the samples f (decorative plant sprig) and g (stiff material of the bodice)
was extracted by the kit ChargeSwitch Forensic DNA Purification Kit (Invitrogen) following the
recommendations and instructions of manufacturer.
The obtained DNA of plant sprig was amplified using different combinations of primers oriented
on the chloroplast trnL (UAA) intron (trnL_c-trnL_d, size of PCR product about 577 bp; trnL_c-trnL_h,
product size about 187 bp; trnL_g-trnL_h, product size about 79 bp; trnL_g-trnL_d, product size about
474 bp [18]).
The DNA of stiff material was amplified with the primers and PCR protocols developed by [19]
and oriented on the mitochondrial DNA D-loop region. We have tried the PCR assays comprising
the pair of primers Pair 1, Pair 2, and Pair 3, but, also, we have combined the primers in this way:
Pair1_Fw–Pair3_Rv; Pair2_Fw–Pair3_Rv.
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The PCR products were separated on 1.5% agarose gel in TAE buffer. Gels were stained with
ethidium bromide and visualized under UV light. The expected bands were excised from the gel and
purified by QIAquick Gel Extraction kit (Qiagen). Then the purified bands were sequenced on both
strands by a commercial facility (Eurofins Genomics). The resulting sequences were directly compared
with those in GenBank using BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
2.9. Illumina Sequencing of Plant Sprig and Stiff Material DNA
The DNA extracted from the samples f (decorative plant sprig) and g (stiff material of the
bodice) was sequenced by the MiSeq system (Illumina, San Diego, CA, USA). Totally 20 ng of isolated
double-stranded DNA was used for transposon-based sample fragmentation with Nextera XT DNA
Library Prep Kit (Illumina, CA, USA). Samples were directly amplified and indexed using Nextera XT
Index Kit (Illumina, CA, USA) according to the manufacturer’s protocol. For PCR product purification
1,8x sample volume of Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) was
used. The final DNA library quantity was determined with Qubit 2.0 Fluorometer (ThermoFisher
Scientific, MA, USA) while for quality (fragment length) assessment Agilent 2100 Bioanalyzer was
used (Agilent Technologies, Santa Clara, CA, USA). DNA libraries were diluted to 4 nM and pooled.
Paired-end sequencing 2 × 300 was performed using Illumina MiSeq platform (Illumina, San Diego,
CA, USA).
The data obtained from shot-gun sequencing of both samples were processed using CLC Genomics
Workbench software v 9.5.2 (Qiagen, Germany). After trimming (quality limit 0.02, min.read length
50 bp) and quality control, de novo assembly of sequences, length fraction 0.9 (animal)/0.8 (plant),
similarity fraction 1.0 (animal)/0.9 (plant)) was executed. Data obtained for stiff sample were mapped
against GenBank WGS database using BLAST program with megablast settings mapping against
taxon Equus. Contigs obtained for the plant sample were mapped against plant part of the GenBank
database also using megablast settings.
3. Results
3.1. Microbial Isolates, Hydrolytic Properties, and SEM Observation
The SEM analysis displayed the presence of fungi in various samples (Figure 2), in fact it is
possible to note conidia, spores, and hyphae. The occurrence of bacteria in several samples is confirmed,
indirectly, by the observation of biogenic crystals (Figure 2C,D).
Bacteria were isolated from the samples a (bodice, from the ribbon), b (bodice, from the body),
d (silk bobbin lace cap), and e (linen head-band). The most isolated genera were Moraxella, Kocuria,
and Paracoccus. The only bacterial isolates able to hydrolyze all the tested substrates was Micrococcus
yunnanensis B2. Various bacteria degrade four substrates; three isolates (the two Moraxella isolates
and Paracoccus chinensis) were negative to all assays. A slight cellulolytic activity was shown only by
the two Kocuria isolates and Micrococcus yunnanensis B2. The most effective keratinolytic isolate was
Paenibacillus illinoisensis D1 which displayed also an extensive protease ability together with Micrococcus
yunnanensis B2. Paenibacillus illinoisensis D1 evidenced also the best fibroinase activity followed by
Sphingomonas sp. D2. Usually the isolates positive to proteolytic assays can degrade also the silk fibroin
(Table 1).
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Figure 2. Scanning electron microscope (SEM) observation of nitrocellulose membranes. (A) Conidia, (B)
fungi colonizing insect remains, (C,D) biogenic crystals and their morphological details, (E) ascospores,
(F) presence of fungal conidia and spores.

From sample c (bodice, tissue covering the stiff reinforcement) only filamentous fungi were
isolated belonging mainly to genera Aspergillus and Penicillium. The yeast Sporidiobolus metaroseus B2-F
and Penicillium commune B1-F, recovered from sample b, were the only eukaryotic microorganisms
able to produce positive results for all the hydrolytic assays. Three fungi over seven isolates displayed
cellulolytic ability, on the contrary all the fungal members have significant fibroinase property.
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Table 1. DNA identification and hydrolytic properties of bacterial and fungal isolates.
Sample

Strain Code

Percent Identity

Keratinase
Activity (mm)

Cellulase
Activity (mm)

Proteinase 1
Activity (mm)

Proteinase 2
Activity (mm)

Fibroinase
Activity (mm)

Bacteria

a, bodice

A1
A2
A3
A4

MT071578 Moraxella sp. 100%
CP024180 Moraxella osloensis 100%
KY434635 Kocuria sp. 99.83%
MT012185 Rhodococcus sp. 100%

0
0
1 ± 0.3
0

0
0
1 ± 0.2
0

0
0
4 ± 0.6
2 ± 0.3

0
0
2 ± 0.4
0

0
0
0
4±1

b, bodice

B1
B2

EF072311 Massilia sp. 99.22%
KY816357 Micrococcus yunnanensis 99.67%

7 ± 0.8
12 ± 0.5

0
2 ± 0.4

7 ± 1.2
10 ± 1

4 ± 1.2
15 ± 0.4

10 ± 1
7 ± 0.6

d, bobbin lace cap

D1
D2
D4

FJ999728 Paenibacillus illinoisensis 100%
KF815549 Sphingomonas sp. 100%
MN396262 Roseomonas mucosa 99.61%

14 ± 0.2
5±1
2 ± 0.5

0
0
0

5±1
1 ± 0.6
4 ± 0.8

15 ± 1.5
4 ± 0.4
1 ± 0.8

20 ± 1
12 ± 1.3
8 ± 0.6

e, coronet

E1
E2
E3
E4

HM480273 Staphylococcus sp. 99.85%
KF424781 Paracoccus chinensis 99.14%
MF804955 Paracoccus sp. 99.58%
MN704104 Kocuria sp. 99.83%

0
0
5 ± 0.7
1 ± 0.6

0
0
0
1 ± 0.5

1 ± 0.4
0
3 ± 0.6
6±1

0
0
8 ± 0.8
0

0
0
2 ± 0.6
9 ± 0.7

Fungi
b, bodice

B1-F
B2-F

KY552625 Penicillium commune 99.37%
KY105470 Sporidiobolus metaroseus 100%

4 ± 0.7
9 ± 0.4

0
2 ± 0.8

4±1
5±1

4 ± 1.2
10 ± 1

10 ± 1
20 ± 1.5

c, bodice

C1-F
C2-F
C3-F
C4-F
C5-F

KP067214 Aspergillus versicolor 100%
MN905799 Penicillium sp. 100%
MT102669 Aspergillus sp. 100%
MH393399 Penicillium granulatum 98.94%
MH424607 Alternaria alternata 99.64%

4
3
0
7
5 ± 0.3

0
2
0
0
2 ± 0.4

0
2 ± 0.7
0
8±1
0

5 ± 0.6
5 ± 0.5
0
5 ± 0.3
5 ± 0.4

10 ± 1
4 ± 0.5
12 ± 0.9
12 ± 1
9 ± 0.6

Samples; Bodice: (a) from the ribbon; (b) from the body; (c) from a portion of tissue covering the stiff reinforcement; (d) silk bobbin lace cap; and (e) linen coronet. (1) R2A medium with
gelatin; (2) Gelatin medium.
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3.2. MinION Analysis of Bacterial 16S rRNA Gene
The results of all four samples (a, b, c, and d), examined by EPI2ME Desktop Agent software using
“FASTQ 16S“ tool are visualized, expressing the percentage of taxa abundance on genera degree, as bar
plots in Figure 3. The percentages of reads assigned to given taxa were calculated from number of
classified reads. The number of classified reads in order of samples a, b, c, and d were 46,671, 378,356,
38,042, and 64,707, respectively. Because of microbial diversity, the percentage of given taxa of each
samples were counted together, and the value over 2% of this sum were used as threshold. This is the
reason why the number of “other“ taxa forms the biggest amount of all four analyzed samples. In the
order of samples a, b, c, and d “other“ taxa comprised 63.99%, 66.07%, 53.65%, and 64.40%, respectively.

Figure 3. Results of bacterial 16S rRNA gene analysis of samples A (the ribbon of the bodice), B (body
of the bodice), C (tissue covering the stiff reinforcement of the bodice), D (silk bobbin lace cap) using
MinION. * Others: the percentages of reads assigned to taxa under (below) the value of 2% in the sum
of all four samples.

The most abundant taxa identified in all four samples were Cutibacterium (a-9.03%; b-5.24%;
c-10.74%; d-18.72%), Brevibacterium (0.09%; 6.57%; 6.00%; 0.00%), Micrococcus (0.17%; 0.31%; 11.95%;
0.00%), Paenibacillus (1.57%; 0.00%; 7.36%; 0.00%) and Acinetobacter (0.01%; 7.15%; 1.53%; 0.01%). The top
10 most abundant taxa enclosed genera Pedomicrobium (0.00%; 2.67%; 0.00%; 5.42%), Brachybacterium
(3.73%; 0.00%; 4.19%; 0.00%), Pseudonocardia (0.20%; 0.37%; 0.01%; 7.06%), Sediminibacterium (2.53%;
2.27%; 0.00%; 1.63%), and Virgibacillus (2.12%; 0.00%; 4.25%; 0.00%).
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3.3. MinION Analysis of Fungal 28S rRNA Gene
Fungal 28S rRNA gene analysis produced results only with samples a, b, and c. The results of this
analysis are summarized in Figure 4. In the order of samples a, b, and c, the most occurring fungal
taxa were Malassezia (5.59%; 4.08%; 51.77%), Aspergillus (15.46%; 20.08%; 0.25%), Metarhizium (2.93%;
8.41%; 5.22%), Pestalotiopsis (0.75%; 10.11%; 0.02%) and Phycomyces (6.75%; 0.73%; 0.10%) followed by
Serpula (4.44%; 0.62%; 0.36%), Colletotrichum (1.69%; 1.02%; 0.52%), Talaromyces (1.30%; 1.68%; 0.12%),
Leptosphaeria (0.64%; 1.50%; 0.83%), and Agaricus (1.37%; 0.11%; 1.41%), which completed the top
10 most abundant fungal taxa.

Figure 4. Results of fungal 28S rRNA analysis of samples A (the ribbon of the bodice), B (body of
the bodice), C (tissue covering the stiff reinforcement of the bodice) using MinION. * Others: the
percentages of reads assigned to taxa under (below) the value of 2% in the sum of all four samples.

3.4. MinION Analysis of Fungal ITS Fragment
The fungal ITS marker amplified with the samples c, d, and e. In this order of samples, Metarhizium
(5.23%; 31.36%; 26.56%), Colletotrichum (1.75%; 7.05%; 5.23%), Wallemia (0.04%; 0.41%; 6.27%), Baudoinia
(0.45%; 2.37%; 3.68%), followed by Neofusicoccum (4.56%; 0.21%; 0.86%), Phycomyces (0.20%; 0.18%;
4.94%), Botrytis (2.50%; 0.58%; 0.54%), Torulaspora (0.01%; 0.00%; 3.56%), Parastagonospora (0.46%; 2.51%;
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0.56%), and Aspergillus (0.80%; 1.51%; 1.13%) were identified as the most abundant fungal by WIMP
tool whose results are expressed as bar plots in Figure 5.

Figure 5. Results of fungal ITS analysis of samples C (tissue covering the stiff reinforcement of the
bodice), D (silk bobbin lace cap), and E (linen coronet) using MinION. * Others: the percentages of
reads assigned to taxa under (below) the value of 2% in the sum of all four samples.

3.5. DNA Analysis of Animal and Plant Samples
In order to identify the animal origin of the bodice stiff material (sample g), we have tried different
combination of primers, but unfortunately all PCR assays produced negative results. Using MiSeq
platform (Illumina), with this sample, we obtained 1240 contigs, with a length range of 69–25, 511 bp,
several of them matching Equus caballus.
Positive PCR amplifications were obtained with the plant material (sample f) using the primers
combinations trnL_c - trnL_h (amplicon size about 187 bp) and trnL_g - trnL_h (about 79 bp).
The consequent Sanger sequencing of the amplicons had reliable results only with the product of about
187 bp. In fact, the obtained 136 bp sequence had a 98.53% of similarity with several plant species
belonging to the family of Apiaceae (MN167277, Cuminum cyminum; MN167276, Anethum graveolens;
MN167272, Petroselinum crispum; MH142518, Glehnia littoralis; MK688991, Angelica sinensis). Using the
DNA extracted from the plant sample, a totally of 2287 contigs with a length range of 79–1423 bp were
produced by high-throughput sequencing analysis. The Poaceae family was represented by three
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species: Digitaria exilis, Hordeum vulgare, and Triticum aestivum. The other two detected species, Brassica
juncea and Nicotiana tabacum belonged to the family Brassicaceae and Solanaceae, respectively.
4. Discussion
4.1. Bacterial Community
The two strategies of analysis (culture-dependent and culture-independent) evidenced a link
with the members of the genera Micrococcus and Paenibacillus. These bacteria were detected by both
approaches, but in different samples. They are frequently isolated from historical textile [1,20] and
also in the past studies, as well as here, they showed significant hydrolytic properties. Members of
the genus Paenibacillus produce a broad range of enzymes used in biotechnology processes [21].
In addition to Micrococcus, other isolated Actinobacteria with interesting proteolytic and fibroinolytic
properties belonged to the genus Kocuria. Representatives of this genus are commune in subterranean
environment [22] and were also isolated from archaeological textile [23]. Therefore, bacteria of the genera
Paenibacillus, Micrococcus, and Kocuria can be considered as dangerous textile degrading microorganisms.
By high-throughput sequencing the genera Micrococcus and Paenibacillus were dominant in the
sample c (tissue covering the stiff reinforcement), where M. luteus comprised 8.47% of all reads classified.
Micrococcus luteus is also one of the species inhabiting the human skin [24]. Members of the genus
Micrococcus were also previously identified as part of microbiota on mummy surface [2].
Regarding the MinION analysis, three species of the genus Cutibacterium (C. acnes, C. granulosum,
and C. avidum), formerly known as Propionibacterium [25], were detected in all four samples (a, b, c,
and d) with the remarkable prevalence of Cutibacterium acnes, which is involved in the maintenance
of a healthy skin, but it can also act as an opportunistic pathogen in acne vulgaris [26] or can cause
implant-associated infections [27].
Genus Acinetobacter dominated mostly in sample b (sampled from silk fabric of the bodice), whose
probably touched the torso of cadaver. Hyde et al. [28] observed the highest abundance of Acinetobacter
in samples of male (5–20% of relative abundance) and female (5–15% of relative abundance) cadavers
studied during the time, mostly in the late stages of their decomposition.
The genus Brevibacterium dominated in the samples b and c, namely B. casei (5.63%) and B.
pityocampae (4.15%), respectively. Brevibacterium was the most frequent genera identified in human
archaeological remains by Philips et al. [29], also typically found in a wide range of soils and waters.
The genus Pseudonocardia was in our case the most abundant (silk bobbin lace cap) in sample d
(7.06%). This genus was previously detected in the caves [30], catacombs [31], tomb walls, as part of
the ancient paintings deteriorating microflora [32], or part of the so-called moonmilk [33] and also on
the body of a mummy [2].
The reads identified as genus Pedomicrobium (Alphabacteria class) predominated in samples b and
d (2.67% and 5.42%, respectively). Pedomicrobium is known as iron- and manganese-oxidizing
and accumulating bacterium often detected in biofilms formed on different surfaces [34,35].
Probably, in these samples Pedomicrobium could be responsible for various corrosion phenomena [36]
of metal materials present in the structure of the bodice, but also as decoration jewels on the
head of girl. The isolates Roseomonas mucosa and Sphingomonas sp. also belonged to the class of
Alphabacteria. Here they contribute to the degradation of silk fibroin and other kind of proteinaceous
substrates. These bacteria have the characteristic to possess hydrolytic enzymes active also at low
temperature [37,38].
The iron-oxidizing bacteria of the genus Sediminibacterium were present with approximately 2% in
all samples, except of sample c. We think that their role is connect mainly with the corrosion [39] of
metal materials present in these samples.
In the samples a and c, Brachybacterium was dominated by reaching 3.73% and 4.19%, respectively.
Affiliates of this genus were already isolated from subterranean environment [40] and also from funeral
cloths [1] demonstrating significant proteolytic property.
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Other bacteria were present exclusively in samples a (2.12%) and c (4.25%), where the members of
the genus Virgibacillus. In the sample a prevailed V. marseillensis, V. carmonensis, and V. halodenitrificans.
In sample c mostly V. necropolis and V. carmonensis were identified. V. carmonensis, V. necropolis, and V.
picturae were isolated from deteriorated mural paintings [41]. In addition, these bacteria are able to
produce different extracellular enzymes, such as proteases, cellulases, xylanases, and amylases, which
can degrade several substrates [42].
4.2. Fungal Community
Malassezia, the most abundant taxa detected by 28S rRNA sequencing analysis, significantly
prevailed in sample c (51.77%), from which, the M. globosa reached a percentage of 21.59%.
Although Malassezia yeasts are part of the cutaneous microbiota detected mainly on healthy human
skin, species of this genus are also associated with mammalian cutaneous disorders such as dandruff,
seborrhoeic dermatitis, pityriasis versicolor, psoriasis, folliculitis, and otitis [43]. The ITS analysis
placed Malassezia in the 16th place of the most occurring taxa (Figure 5), it dominated in sample e
(c-0.09%; d-0.25%; e-1.88%).
Aspergillus and Metarhizium were detected in all samples using both fungal markers; by 28S rRNA
the highest occurrence, 20.08% for Aspergillus and 8.41% for Metarhizium, was recorded in sample
b. ITS analysis revealed the highest percentages of these genera in sample d, 1.51% and 31.36% for
Aspergillus and Metarhizium, respectively. The presence of Metarhizium is probably due to because
members of this genus are known as entomopathogens [44], which infected various insects contributing
to human decomposition. In both analysis, A. fumigatus was the most dominant species among the other
Aspergillus spp. This species, in previous studies, was isolated from various organs of cadavers and
human remains [45,46], several cultural heritage items made by organic materials [47], and it showed
also proteolytic, keratinolytic, and fibroinolytic abilities [1]. Therefore it is not surprising, that the
Aspergilli and Penicilli isolated in this study possessed also interesting hydrolytic properties. They were
recovered almost exclusively from a portion of silk tissue, which covered the stiff reinforcement made
by animal substances. These characteristics evidenced their biodeteioration dangerousness for textile
and other proteinaceous materials occurring in various cultural heritage objects.
Pestalotiopsis is another abundant taxa in sample b (10.11%) according to 28S rRNA analysis,
and their species are known as plant pathogens and as the producers of antifungal active
metabolites [48–50]. The ITS analysis did not detect this taxa.
Both taxa Phycomyces and Colletotrichum were detected by 28S rRNA (Phycomyces: a-6.75%, b-0.73%,
c-0.10%; Colletotrichum: a-1.69%, b-1.02%, c-0.52%) and ITS (Phycomyces: c-0.20%, d-0.18%, e-4.94%;
Colletotrichum: c-1.75%, d-7.05%, e-5.23%) analyses. These fungi are not common colonizers of historical
items, in fact, to our knowledge, the first detection of Phycomyces in two canvas paintings was very
recent [51].
Genus Serpula, dominated significantly only in sample a (a-4.44%, b-0.62%, c-0.36%) analyzed by
28S rRNA genes sequencing. All reads assigned to the genus Serpula belonged to only one species S. lacrymans, a common wood-decaying dry rot causing deterioration of wood monuments [52] and
buildings [53]. The ITS analysis revealed lower occurrence of Serpula taxa with highest presence in
sample c (0.34%). Other phytopathogens were detected in sample c (ITS) in remarkable abundance,
e.g., Neofusicoccum with one representative species of this genus N. parvum (c-4.56%), known as
phytotoxins-producing grapevine canker agent [54] and Botrytis with one representative species of this
genus B. cinerea (2.50%), well known pathogen causing serious losses in more than 200 crop species
worldwide [55]. The genus Torulaspora represented 3.56% in sample e (ITS), with one representing
species T. delbrueckii, which is also typical inhabitant of the grape surface, known as well studied
non-Saccharomyces yeasts used in winemaking [56]. Another plant pathogen, Phaeosphaeria nodorum
was detected mostly in sample d (2.51%). It is known as fungal pathogen of wheat (Triticum aestivum).
The relevant detection of plant pathogens is due of the wood of coffin, but also of the presence of
several types of plant species that usually served to adorn the body of the dead.
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Wallemia ichthyophaga, as the only representatives of the taxa Wallemia, occurring in highest
abundance in the sample e (6.27%), is a halophilic fungus with optimally growth on media with salinity
above 15% of NaCl (w/v) [57]. Another extremophile yeast [58] was the isolate Sporidiobolus metaroseus
recovered from the silk bodice (sample b). It displayed significant hydrolytic properties including
fibroin degradation.
4.3. Microscopic Observation
The combination of sampling by nitrocellulose membrane and the consequent SEM screening,
can be considered as a suitable method for the microscopic analysis of fragile cultural heritage
items. Usually, the adhesive tape sampling is applied in combination of microscopic observation [59],
but depending of the fragility of surface, the use of membranes is a valid alternative.
The SEM monitoring permitted to display the presence of an active microbial communities,
mainly fungi that are able to degrade various types of substrates. In addition, the observation of
ascospores [60] confirmed the results of microbial and sequencing analysis where different Aspergillus
members were detected.
The presence of bacteria was evidenced by the observation of bio-mineralization phenomena,
such as the occurrence of CaCO3 crystals, probably vaterite or aragonite. These CaCO3 formations are
generally produced by various bacterial members belonging to the phylum Proteobacteria (vaterite
forming) and Firmicutes (aragonite) [61,62]. Also, these findings are in accordance with the bacteria
isolated and detected by both culture-dependent and culture-independent strategies.
4.4. Plant and Animal DNA Analysis
Usually, during the XVII century, the stiff materials used as reinforcement of the bodices were
whalebone from the jaws of the whale, wood, or horn [63]. Therefore, when we have observed
the reinforcement of the bodice by microscope (Figure S1), these busks were particular because
they appeared as several fibers bonded, presumably, with animal glue. The restorers supposed
that this structure was formed by horsehair, and the molecular analysis confirm such hypothesis.
Although, the horsehair was used for different types of textile materials (horsehair interlining; [64]),
in literature we did not find any previous study, where this kind of reinforcement material was
described, so the analysis of the DNA help us to unambiguously identify the origin of these accessories
of the bodice.
DNA of Apiaceae was identified from the small portion of plant material through PCR sequencing
analysis. Unfortunately, the small sequence did not permit a specific recognition of the plant species.
However, excluding Glehnia littoralis which is a typical plant growing at temperate sandy coasts
around the North Pacific Ocean [65], and Angelica sinensis which is also characteristic of different world
regions other than Europe [66]. One of the others species (Cuminum cyminum, Anethum graveolens
and Petroselinum crispum) probably were the main ornamental plants on the head of the young
girl. These species present nice inflorescence [67], which can create beautiful decorative effects.
Moreover, the use of these kinds of plants in burial custom was evidenced in several archaeological
studies [68–70].
The Illumina analysis on plant DNA did not confirm the results of PCR and sequencing approach,
but other interesting outcomes were produced. In fact, the detection of several sequences is due by the
presence of traces of plants, probably pollen belonged mainly to the species Hordeum vulgare (barley),
Triticum aestivum (common wheat), Brassica juncea (canola), and Nicotiana tabacum (tobacco) which
were commonly cultivated also in central Europe. We think that the identification of these plants
perhaps indicates somehow the period of the funeral which could be in the late spring or summer.
The register of deceased persons has been lost, therefore our molecular investigation provided at least
some hypothesis about the seasonal period of the burial ceremony.
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5. Conclusions
The combination of non-invasive sampling, classical microbiological methods (cultivation,
SEM observation, and hydrolytic assays), molecular approaches, and high-throughput sequencing
(culture-independent strategy and DNA analysis) permitted to investigate the deteriorating microbiota
and to discover various characteristics of diverse funeral accessories. The complete microbiological
analysis displayed the occurring microbiota and evidenced its dangerous hydrolytic properties and
bio-precipitation abilities. The MinION approach can be optimized in order to perform the analysis
in situ. In fact, this high-throughput sequencing platform is portable and in the future the analysis
of samples can be done directly in the place of sampling. Moreover, MinION can sequence long
sequences, which facilitates the better identification of microbial communities. By the DNA analysis,
we observed important information about the use of certain materials (horse-hair reinforcement) in
textile manufacturing. Knowledge about the use of herbal and flower ornaments in the 17th century
burial customs in central Europe were also revealed. This study evidenced again the importance
of a multi-disciplinary approach applied to cultural heritage objects. Such study showed how it is
important to develop periodical and precise microbial monitoring strategies which permit prompt
decisions for the safeguard of these fragile items against the microbial deterioration and also to obtain
valuable data on the uses and customs of a certain historical period.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/16/5451/s1;
Figure S1: Stereomicroscope visualization of reinforcement material of the bodice.
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