J PREV MED HYG 2017; 58: E238-E251

ORIGINAL ARTICLE

Monitoring biodiversity in libraries: a pilot study
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Ssummary

Indoor Air Quality (IAQ) in libraries is influenced by the pres-
ence of specific factors which can impact on both paper storage as
well as people health. Microclimatic conditions induce and sup-
port a biodiversity pattern involving environmental and anthropic
microorganisms. We used a multidisciplinary monitoring model
to characterize microflora biodiversity by Next Generation
Sequencing (NGS). Biodiversity indexes were adapted to evalu-
ate anthropic vs environmental pollution by combining Shannon
mean index (H), species representativeness (E,), human/environ-

Introduction

Indoor air quality (IAQ) is recognized as a key factor for
human health, due to the fact that people spend 80%-
90% of their time in indoor environments [1-4]. Biologi-
cal, physical and chemical agents can affect the charac-
teristics of the indoor atmosphere [5]. Biological agents
relevant to health are widely heterogeneous, including
pollen, allergens, plants spores, bacteria, fungi, algae and
some protozoa. Moreover, activities like talking, sneez-
ing, coughing, can generate airborne biological particu-
late, and this is considered a main factor contributing to
the buildup and spread of airborne microbial contamina-
tion [6, 7]. The exposure to microbial pollution can be
associated with respiratory symptoms, allergies, asthma
and immunological reactions [8]. Microclimatic condi-
tions, as humidity, temperature and ventilation rates, to-
gether with geometry of building, influence individual
comfort and environmental health [9-11]. Volatile com-
pounds (VOCs) can be released from building materials,
furnishings, office machinery, or cleaning products [12].
Libraries represent an exemplificative model of sensi-
tive indoor environments such as hospitals, schools, mu-
seums, laboratories, drug or food factories, where TAQ
impacts on both people health and materials, products
or procedures. During the last decades, studies on spe-
cific indoor environments have identified risk sources
and threshold levels for different pollutants, proposing
targeted control measures. Even the role of the struc-
ture itself has been investigated and analysis of the Sick

mental pollution ratio (S,) to better characterize the NGS output
and acquire synthetic information on Indoor Air Microbial Biodi-
versity (IAMB). Results indicate a frequently low microbial load
(IGCM/m’ < 1000) characterized by different species (n = 10°),
including several cellulose metabolizing bacteria. Workers and
visitors appeared a relevant source of microbial contamination.
Air biodiversity assayed by NGS seems a promising marker for
studying IAQ.

Building Syndrome has been considered for the impli-
cations on the health of workers, dwellers, as well as
for the preservation of materials and procedures [13-15].
However, the combined effects of biological agents and
chemical mixtures still require further investigation,
and innovative tools are needed to improve quality of
indoor air [16, 17]. When it happens to specific facili-
ties, as libraries, archives and schools, it needs further
consideration to identify most appropriate markers to
assess indoor air quality for people, paper materials and
activities. Libraries are indoor facilities where air qual-
ity is influenced by both environmental and anthropic
microorganisms, interacting with chemical and physical
pollutants.

Microclimatic conditions influence the growth of sever-
al microorganisms (e.g. Aspergillus, Penicillium, Tricho-
derma, Alternaria, Rhizopus) that can attack library
collections, eventually favoring the biodeterioration
processes [3]. Traditional cultural methods or classical
molecular approaches cannot address a comprehensive
microflora analysis [18, 19]. The limit is mainly due to
technical restrictions in growing, detecting or classify-
ing the environmental species as well as in providing an
overall view of the whole microflora pattern in that set-
ting. The rapid diffusion of Next Generation Sequenc-
ing (NGS) and new bioinformatic tools are overcoming
this problem, offering a wider approach to microflora
biodiversity, at increasingly affordable costs. Starting
from the microflora DNA (mfDNA) it became possi-
ble to detect simultaneously different species even from

E238



very complex matrices [20, 21]. NGS satisfies the need
for qualitative and quantitative information on microbial
complexity, disclosing innovative solutions for preven-
tion and hygiene. Since the strategy is based on analysis
of genomic properties, the method is independent from
the knowledge of the microorganisms or their culture of-
fering new potentials as already shown for other DNA
based techniques [22-24]. Moreover, even unknown or
uncultivable species can be identified, quantified and
characterized following an established phylogenetic ap-
proach, by amplification of rDNA, massive sequencing
and bioinformatics analysis.

Following a traditional approach, previous studies
have already investigated the effects of biological and
chemical conditions on paper conservation, outlining
also issues related to the health of library users, such as
students, visitors and employed personnel [12, 26, 27].
However, most of these studies focused on inde-
pendent categories of risk factors, such as chemical
agents [12, 26, 28, 29], physical [30-32], without adopt-
ing an integrated approach. The characterization of
microbial air contamination using single culture-based
sampling not only provides a limited understanding of
the phenomenon, but also restrains a comprehensive
evaluation of IAQ and the implementation of corrective
actions [33]. Analysis of microbial biodiversity in in-
door air (IAMB) can play an important role in charac-
terizing specific environments, identifying possible bio-
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logical risks and acquiring information for the anthropic
component.

In the present study, environmental samplings have been
simultaneously performed in order to obtain a wider
overview focused on biological issues and integrated
with microclimate and environmental parameters. More-
over, for the first time, an advanced approach for micro-
organism identification was adopted through NGS, with
the final aim of typing the indoor microflora and acquir-
ing information on the impact of anthropic and environ-
mental microflora on TAQ.

Air microflora is influenced by environmental condi-
tions and may play a role on human health as well as on
safety of library resources, especially when storing valu-
able ancient books. NGS seems to offer an extraordinary
and promising opportunity for making microflora biodi-
versity as a new marker for monitoring specific indoor
environments.

Materials and methods

In order to evaluate IAQ, three different kinds of librar-
ies were chosen: Site I, a university library; Site II, an
old scientific library; Site III, a digital library. Several
environmental samplings were performed following an
integrated approach (Figure 1), to the aim of acquiring
an overview on microclimate, chemical and biological
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Fig. 1. Flowchart with panel of sampling techniques and integrated monitoring approach.
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parameters. Biological monitoring was performed by a
novel passive method adapted for DNA extraction and
by classical active sampling techniques (SAS). Micro-
organisms were characterized by both culture-based
methods and by molecular techniques based on mfDNA
analysis.

STUDY DESIGN

Environmental sampling was performed to provid an
overview of microclimate and microbiological param-
eters in these facilities and to show the feasibility of an in-
tegrated approach for IAQ surveillance. Biological moni-
toring was performed with different sampling techniques
(active and passive) and methods (classical microbiology
and DNA techniques). Statistical analysis was performed
to determine the distribution of indoor mesophilic, psi-
chrophilic bacteria and fungi concentrations in associa-
tion with independent variables, such as the buildings age,
light exposure, air exchange rate and ventilation systems.
Similarly, the indoor mesophilic, psichrophilic and fungi
concentration have been correlated with the relative hu-
midity, the external and internal temperature.

STUDY AREA

Three scientific libraries in the city of Rome (Italy),
were selected as exemplificative of different typologies.
The first site (Site I) is a “university library” founded
in 1994, consisting of a single reading room with desks
for students, computers and a loft with shelves for the
books storage. The documentary print heritage consists
in over 5000 monographs and 2000 periodicals, provid-
ing access to about 2000 electronic journals and scien-
tific databases. The library also has books storage room,
located in the same building, in the basement. The sec-
ond site (Site II) was founded in 1930s and represents
a centralized reference, specialized in scientific docu-
mentation. The print documents legacy consists in more
than 9000 periodicals and about 200000 monographs
including publications of national and international in-
stitutes, pharmacopoeias, official documents, texts of
health legislation and grey literature. This library also
collects thousands of electronic journals in full text,
and accesses to biomedical databases. It also stores his-
toric 16™-18" century dated books, and precious docu-
ments. The library is organized on three levels, where
the books are stored in shelves both fixed and mobile.
The library has also a book storage room, located in an
independent building, and divided into two rooms. The
third one (Site III) is a “digital library”: it was founded
in 1930 and in 2005 was moved in an independent build-
ing and organized as an electronically accessible library,
associated to a hospital and research centre. The collec-
tion currently amounts to about 10000 online magazines
and different local databases. It offers a reading room
with 15 PC workstations intended to health consulting
and health education activities open to visitors, includ-
ing both patients and professionals; in the same building
the upper floor houses the management offices. Librar-
ies have an usual access of about 10-50 visitors per day,

employing 3-6 workers dedicated to reading rooms, of-
fice and management activities.

In Site I, sampling points (n = 2) were: the reading
room and the book storehouse. In Site II (n = 7): Flat
A Room 1, Flat A Room 2, Flat B room 3, Flat B room
4, Reading room, Book storehouse 1, Book storage 2.
Site III samplings (n = 2): the reading room and the man-
ager office. The samplings were performed in the period
ranging from September 2014 to July 2015.

Daily averages of outdoor temperature data were obtained
from a monitoring station at an average distance of about
10 km from the library sites. For each library, site eleva-
tion, proximity to agricultural/industrial processes or ma-
jor arterial roadways was verified also by the support of
satellite geographic maps (Google Map) to exclude major
air pollution sources. Building characteristics were consid-
ered, including construction materials, restorations, heat-
ing and ventilation systems. Signs of moisture, water dam-
age or fungal growth on building materials were assessed
visually and annotated in the sampling form.

PHYSICAL AND CHEMICAL PARAMETERS

The instrument HD32.3 Datal.ogger® (Delta Ohm s.rl.),
conforms to ISO 7730, 7726, 27243, 7933, 11079, 8996
(Supplementary Table, S1), was adopted for microclimate
analysis. The unit has three probes, thermohygrometric,
anemometer and globe thermometer to determine the dis-
comfort indices, PMV (Predicted Mean Vote) and PPD
(Percentage of Person dissatisfied). The PMV is an indi-
vidual wellness index. It is a mathematical function which
gives as result a numerical value in the range between -3
(feeling too cold) and +3 (feeling too hot), where O rep-
resents the thermal comfort. The PPD expresses the per-
centage of dissatisfied people in a particular environment.
Through DeltalLog10® software (Delta Ohm s.r.1.) the data
were downloaded. During sampling, the instrument was
positioned in the sites center, for 15 minutes, with 15 sec
intervals in measurement at the worker’s chest height.
Carbon dioxide (CO,) and carbon monoxide (CO) quan-
tification was also performed by HD21AB17 Datalog-
ger® (Delta Ohm s.rl). It has a single probe which can
simultaneously measure the level of CO,, CO and atmo-
spheric pressure. The instrument can also measure the
temperature, the relative humidity and calculate the dew
point, the wet bulb temperature, absolute humidity, mix-
ing ratio and enthalpy. Through DeltalLog10® software
(Delta Ohm s.r.l.) data were downloaded and analyzed.
The tool has been positioned in the room centre at the
worker’s chest height and the measures were performed
for 15 minutes, with 15 seconds of intervals between
each measure. We referred to the European standard EN
13779-2008 on the Ventilation for non-residential build-
ings to evaluate the CO, levels and to the European di-
rective 2008/50/ EC to evaluate the CO levels.

MICROBIOLOGICAL AIR SAMPLING
Active sampling

The microbiological air sampling was performed by
SAS® (Surface Air System, VWR International, LLC,
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Radnor, USA), a plate impact active sampler, slot type,
using Petri dishes @ 55mm. The air aspiration volume
was 180 L for each sampling. We used two culture me-
dia types: TSA (Tryptic Soy Agar - Oxoid, Germany)
for bacteria, SDA (Sabouraud Dextrose Agar - Oxoid,
Germany) supplemented with Chloramphenicol® (Ox-
oid, Germany) for molds and yeasts. The TSA and SDA
plates were incubated both at 37°C (for 48 hours) and at
22°C (for 72 hours) respectively. For each plate, the cal-
culation of the CFU/m® was obtained as follows: CFU/
m® = (MPN/plate x 1000) / air volume (L). MPN (Most
Probable Number)/plate was obtained by comparing the
CFU of each plate with the conversion table, in attach-
ment to the device manual.

In addition, from each TSA plate, colonies were collect-
ed by sterile loop, in a 1.5 ml tube containing 200 pl of
sterile water. From each SDA plate, representative colo-
nies of each fungal species were collected by sterile loop
in a 1.5 ml tube, containing 200 ul of sterile water. All
tubes were centrifuged at maximum speed (16000 g for
5 minutes). The supernatant was removed and the pellet
was frozen at - 4°C. The DNA extraction by pellets was
performed with GenElute® Bacterial Genomic DNA Kit,
following the manufacturer’s instruction.

Passive sampling

In Site II, a tissue-based passive sampling approach
was developed and tested to collect bacteria and extract
DNA. Sterilized cotton tissues (size 5 cm?*) were placed
for one month on the shelves of Flat A Room 1, Flat A
Room 2, Flat B Room 3, Flat B Room 4, and named re-
spectively T1, T2, T3, T4. The collection was followed
by direct DNA extraction. Briefly, a piece of 1 cm? was
cut from each tissue. After exposure, each sample was
transferred in a 1.5 ml tube at room temperature and then
frozen at -20°C for 20 minutes for cryofreezing frac-
turing. The samples were pretreated with glass beads®
(Sigma Aldrich, USA) and 200 pl of Lysozyme Solution®
(Sigma Aldrich, USA), adapting the protocol as previ-
ous described (Giampaoli 2012) In a second phase we
followed the standard protocol procedure of GenElute®
Bacterial Genomic DNA Kit (Sigma Aldrich, USA). The
DNA extraction by pellets was performed with GenEl-
ute® Bacterial Genomic DNA Kit, following the manu-
facturer’s instruction.

DNA ANALYSIS

Fungal ITS PCR amplification and Sanger sequencing

DNA was amplified with primer designed for fungal
ITS (Internal Transcribed Spacer) region [34]. The PCR
amplification was performed in 25 pl reaction mixture
consisting of 1x Tagmastermix® (Promega, USA), 1 uM
of forward and reverse universal primers and template
DNA on TechneTC-PLUS® thermalcycler (VWR Inter-
national, LLC, Radnor, USA). Thermocycling condi-
tions were the following: for 35 cycles (each cycle is
94 °C for 45 s, 55 °C for 45 s, and 72 °C for 60 s), with
an initial hot start (94 °C for 15 min) and a final ex-
tension (72 °C for 10 min). The purified PCR products
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were sequenced using AB Big-Dye 3.1° dye chemistry
(Applied Biosystems). A total of 20 uL. sequencing reac-
tions contained 2 pL of cleaned PCR product, 1 puL of
BigDye Terminator v3.1 Ready Reaction Mix, 2 uL of
5% Sequencing Buffer, 1.6 pmol of Forward or Reverse
sequencing primer and PCR grade water. Sequencing
reactions were performed for 25 cycles (each cycle is
96 °C for 30 s, 50 °C for 15 s, and 60 °C for 4 min in
a GeneAmp PCR 9700® thermocycler (Applied Biosys-
tems). After the cleanup step with the Performa® DTR
Gel Filtration Cartridges (Edge Bio, Gaithersburg, MD,
USA) the reaction was run on AB 3500 XL® automated
DNA sequencers (Applied Biosystems).

PCR amplification and NGS sequencing

Samples were prepared according to the “16S Metagen-
omic Sequencing Library Preparation” guide (Part#
15044223 rev. A; Illlumina, San Diego, CA, USA). The
amplicon PCR has been performed using the follow-
ing primers (containing overhang adapters): Ba27F
5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGAGAGTTTGATCCTGGCTCAG-3’, Ba338R
5’-GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAGTGCTGCCTCCCGTAGGAGT-3’[35].  Li-
braries have been quantified through PicoGreen ds-
DNA quantitation assay (Thermo Fisher Scientific,
Waltham, MA, USA) and validated on Bioanalyzer
DNA 1000 chip (Agilent, Santa Clara, CA. USA). The
sequencing was performed on MiSeq desktop sequenc-
er (Illumina).

Analysis of sequence reads and IAQ evaluation
by Microbial Biodiversity parameters

The sequence reads were analyzed in the cloud envi-
ronment BaseSpace through the 16S Metagenomics
app (version 1.0.1; Illumina®): the taxonomic data-
base used is an Illumina-curated version of the May
2013, a release of the Greengenes Consortium Data-
base (greengenes.secondgenome.com); the classifica-
tion algorithm is an implementation of the Ribosomal
Database Project (RDP) Classifier [36]. In order to
acquire information on IAQ by Microbial Biodiversity
(MB) a novel putative parameter (Indoor Air Microbial
Biodiversity, JAMB) was assumed by composing the
following indexes: Shannon mean index, Shannon’s
Equitability index and calculating and an Anthropo-
genic pollution index based on NGS reads. In par-
ticular, community richness and indoor air microbial
biodiversity were computed through Shannon mean
index (H) and Shannon’s Equitability index (E) using
EstimateS software [37, 38]. Briefly, a cut-off corre-
sponding to taxonomic species was applied to the NGS
data, and the indices were calculated on the filtered ma-
trix. Moreover, to verify the origin of air pollution we
calculated the proportion of anthropogenic species S,
compared to the total identified taxonomic units (Num-
ber of species of human source/total selected species).
The combination of microbial load (H), species rep-
resentativeness (E;), human/environmental pollution
ratio (S,) was used to acquire information for [AMB.
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STATISTICAL ANALYSES

Statistical analysis was performed by IBM SPSS statisti-
cal software, version 23.0 for Windows (SPSS, Chicago,
IL). Continuous variables were reported as arithmetic
mean, whereas categorical variables were reported as
absolute values. A multiple linear regression equation
was created for the outcome interesting of indoor meso-
philic, psichrophilic bacteria and fungi concentration.
All continuous variables were tested for a linear correla-
tion with each other (Pearson r). Similarly, all categori-
cal variables were tested for statistically significant rela-
tionships with other independent variables and choices
made as for continuous variables.

Results

The comfort parameters were acceptable in all sampled
sites, as shown in Table I: in Site I the value of PMV was
0.94 for the Reading room and 1.02 for the Books store.
The PPD was similar for both environments with a per-
centage of the 25%. The CO, concentration was 572.08
and 721.13 ppm respectively for Reading room and
Books store. In Site II the PMV value was less than 1
for all environments. The maximum PPD value was de-
tected in Flat B room 3 and in the Reading room (respec-
tively of 18.47% and 13.58%); in the other environments
was around the 5%. The CO, concentration was around
550 ppm, with a lower value detected in the Reading
room (445.97 ppm). In Site III, the PMV values were
0.35 and 0.88 respectively for the Reading room and the
Manager office. The maximum PPD value was detected
in the Manager office (21.37%), where the CO, concen-
tration was 614.21, whether 752.89 in Reading room.

SAS air sampling data were analyzed according to
“American Conference of Governmental Industrial Hy-
gienists” and reported in Table II [39]. The IGCM index
(Global Index of Microbiological Contamination) was
very low in Reading room and low in the Books storage
of Site I. In Flat A room 2, Flat B room 3, Reading room
and books storage of Site II was very low as in other
environments. The values of Reading room of Site IIT
and manager office were respectively intermediate and
low. IAQ was estimated according to the “European Col-
laborative Action” [40], showing in the Reading room of
Site I an intermediate level of bacterial pollution at 22°C
(101-500 CFU/m?) and a low one at 37°C (80 CFU m?);
in the Books storage, it was intermediate at both tem-
peratures. The fungal pollution was lower for both envi-
ronments. In Flat A room 1, Flat A room 2, Flat B room
3, Flat B room 4 of Site II bacterial pollution was in-
termediate at both temperatures, while in the Reading
room it was low (50-100 CFU/m?) at 37°C and very low
(< 50 CFU/m?) at 22°C; in the Books storage 1 and 2 it
was intermediate at both temperatures. The fungal pol-
lution was very low in Flat A room 1, Flat A room 2,
Flat B room 3, Flat B room 4 sites; while it was low
(< 100 CFU/m?) in the Books storage 1 and 2. In Site III
a low bacterial pollution at 37°C was observed for both
environments; at 22°C, the Reading room showed high

bacterial pollution (500-2000 CFU/m?®), while the Man-
ager office an intermediate one (101-500 CFU/m?). The
fungal pollution in the Reading room and in the Manager
office was respectively 500-2000 CFU/m? and 100-500
CFU/m? (Supplementary Tables, S2-S3).

Table III shows the categorical variables for indoor mes-
ophilic, psichrophilic and fungi microbial load used for
statistical analysis: the buildings age, light exposure, air
exchange rate and ventilation systems. Table IV shows
the continuous variables with statistically significant
relationship with indoor mesophilic, psichrophilic and
fungi concentration. These variables have been corre-
lated with the relative humidity, the external and inter-
nal temperature. Significant correlations were observed
for mesophilic concentrations versus air exchange rate
(+1; p < 0.05), psychrophilic concentrations and fungi
concentration versus light exposure (+1; p < 0.05) and
mean indoor relative humidity (respectively 0.831-
p <0.01; 0.848-p<0.05). Negative correlations were ob-
served for fungi concentration versus air exchange rate
(-1; p < 0.05) and ventilation system (-1; p < 0.01), air
exchange rate versus psychrophilic concentrations (-1;
p < 0.05), mesophilic concentrations versus light expo-
sure (-1; p < 0.05) and mean indoor temperatures (-0.73;
p <0.01). Moreover, the table shows the results obtained
for continuous variables with statistically significant re-
lationship to indoor mesophilic, psichrophilic and fungi
concentration in books storage. These variables have
been correlated with the relative humidity, the external
and internal temperature. Significant correlation was ob-
served only for psichrophilic concentration compared to
the three variables in all storage. In particular, mean in-
door relative humidity showed a correlation coefficient
0f 0.999 (p < 0.01), while both mean indoor temperature
and mean outdoor temperature showed a correlation co-
efficient of +1 (p < 0.05).

Tab. I. Evaluation of PMV, PPD, CO-CO, at Sites |, Site Il and Site IlI.

Sampling site PMV PPD CO, co
. Reading room 0.94 | 2383 | 572.08 0
el Books storage 1.02 27.35 | 72113 0
Flat A room 1 0.03 5.06 | 560.87 0
Flat A room 2 0.16 553 | 470.43 0
Flat B room 3 0.8 18.47 | 542.79 0
Site|l | Flat Broom 4 0.14 6.1 583.23 0
rFC')aotnf Reading 064 | 13.58 | 44597 | O
Books storage 1 -0.52 | 11.01 | 44203 | O
Books storage 2 -0.61 | 12.91 | 44475 0
. Reading room 0.35 7.51 752.89 0
Site Il
Manager office 0.88 21.37 | 61421 0
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Tab. Il. Evaluation of IGCM, according to ACGIH [39], in Site |, Site Il and Site Ill.

Range )
f:i‘; l:g;:s of value Pg"s' “:g’e” site | site Il site Il

(CFU/m?) 9

. Flat C .
Reading | Books | FlatA | FlatA | FlatB | FlatB Readin Books Books Reading | Manager
room | storage | room 1 | room 2 | room 3 | room 4 roomg storage 1| storage 2 room office

<500 Very low v v v v

<1000 Low V V V \
IGCM/m3 | >1000 | Intermediate v

> 5000 High

> 10,000 Very high

Tab. IlI. Categorical variables for indoor mesophilic, psichrophilic and fungi concentration.

Variable N Mesophlléthl)szﬁ'ggrla (Mean Psuirlcnré)apnhgl':cuk;arsat)erla Fungi (mean CFU/m?)
Air exchange rate (a.c.h.)

Yes 4 160.8 397.5 219.5
No 7 198.6 255.7 88.3
Building age (years)

11 1 71.5 748.0 559.0
22 1 208.5 250.0 44.5
82 1 210.4 197.7 a3
Ventilation system

Natural 2 235.5 695.0 417.0
Artificial 5 143.4 170.0 18.6
None 4 211.3 285.0 142.3
Light exposure

Yes 6 138.7 360.3 196.5
No 5 240.2 243.6 63.4

Tab. IV. Continuous variables with statistically significant relationship to indoor mesophilic, psichrophilic and fungi concentration.

N ean CFU/mY | Mean CRU/m? | Fungl (Mean CFU/m

Variable Correlation Coefficent (Pearson n

Others Building age 0.629 -0.685 -0.624

ambient Air exchange rate +1% - e
Light exposure -1* +1* +1*
Ventilation system -0.897 -0.992 S
Mean indoor relative humidity -0.424 0.831** 0.848*
Mean indoor temperature -0.73** -0.005 0.187
Mean outdoor temperature -0.523 0.458 0.525

Books storage | Mean indoor relative humidity 0.657 0.999** -0.967
Mean indoor temperature 0.689 +1* -0.977
Mean outdoor temperature 0.669 +* -0.971

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.
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Microbiological identification of environmental mycotic
species was performed through DNA sequencing. The
most of fungi isolates belonged to the Cladosporidium
spp. and were found in all Sites. Two isolates belonged
to Penicillium genus, in particular P. rivolii (Site 1) and
P. viticola (Site II). In Site I, one sample was identified
as Cladosporidium uredinicola and one as Fusarium sp.
Finally, in Site I only a sample belonged to Ascomycota
genus (Supplementary Table, S4).

The relative abundance of bacterial diversity at the genus
level was detected by NGS (Figure 2). A high abundance
of Staphylococcus spp. was observed in most of the sam-
ples (65% in Books storage 2; 79% in Flat A Room 2;
45% in Flat B room 3; 47% Flat A Room 1 of Site I and
49% in Books storage of Site I). The most prevalent bac-
terial species identified among all the observed samples
were Staphylococci, including S. aureus, S. epidermidis,
and S. saprophyticus. Some other bacterial species were
detected such as Acinetobacter (33% in Books storage
1 of Site II); Erwinia (32% in Books storagel of Site
IT); Arthrobacter (66% in the Reading room of Site I),
Microbacterium (52% in Flat B room 3 of Site II); Pseu-
domonas (14.4% and 4.7% respectively in Books stor-
age 1 and 2 of Site II; 9.7% in Books storage of Site I);
Janthinobacterium, Corynebacterium and Macrococcus
(10.9%, 5.1% and 3.8% respectively in Books storage
of Site I); Kocuria (3.8% and 10.3% in Flat A Room 2
and Room 1 of Site II respectively; 2.4% and 4.6% in
Reading room and Books storage of Site I respectively);
Sodalis (5.2% in Books storagel of Site I1); Pedobacter
(12.5% in Reading room of Site 1); Paracoccus (17.7%,
1.7% and 3.6% respectively in Books storage 1, 2 and

Flat A Room 2 of Site II); Enterobacter (8.2% in Books
storagel of Site II). A total of 30 bacterial species were
detected in all tissues sampled in this study.

The predominant bacterial species in the analyzed sur-
face samples were reported, considering their relative
(cutoff > 1.0%) abundance (Figure 3). These species in-
clude Achromobacter insolitus (46.4% in T2 and 93.4%
in T4) and Achromobacter arsenitoxydans (2.1% in T2
and 3.6% in T4). Only in T2 tissue the species detected
were Corynebacterium accolens (9.1%), Luteibacter
rhizovicinus (7.6%), Paracoccus aminovorans (5.6%)
and Staphylococcus epidermidis (23.9%). Figure 3 also
shows the comparison between the microflora which
was found in tissues (T2 and T4), and bacterial isolates
of the respective sampling areas (Flat A Room 2, Flat B
room 4): T2 - Flat A Room 2 showed a matching, detect-
ing Staphylococcus epidermidis in similar percentage
(16.4% in Flat A Room 2; 23.9% in T2).

The bacterial community diversity was calculated on a
total of 83 taxonomic units which fulfilled the cut off
limit. The values of Shannon mean index (H) and Shan-
non’s Equitability index (Ey) are showed for each sam-
ple and compared with the control values for outdoor air
and soil (Table V). In passive sampling (T1, T2, T3, T4),
the H index was between 2.02 and 2.86 while the Ej; in-
dex was between 0.46 and 0.65. In active sampling (Site
II: Flat B Room 3, Flat B Room 4, Flat A Room 2, Books
storagel, Books storage2; Site I: Reading Room, Books
store) the highest value of H index was 3.36 (Reading
Room of Site I) and the lowest was 2.97 (Books storage
1 of Site II), same trend holds for E, index (0.67 and
0.76 respectively in Reading Room of Site I and Books
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Fig. 3. Representative distribution of bacterial diversity at species level of tissue samples and corresponding sampling points in Site II.
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Tab. V. Bacterial species distribution: results of Shannon diversity index richness (H), Evenness (E,) and Proportion of Anthropogenic species

(S,) values.
Samples Shannon mean index (H) | Shannon'’s Equitability Proportion of Anthropogenic species
(Ey) (Sp)
T1 (Flat A Room 1 Site Il) 2.02 0.46 0.01
T2 (Flat A Room 2 Site Il) 2.43 0.55 0.23
T3 (Flat B Room 3 Site II) 2.69 0.61 0.18
T4 (Flat B Room 4 Site 1) 2.86 0.65 0.02
Book storage 1 Site Il 2.97 0.67 0.62
Book storage 2 Site |l 34 0.77 0.68
Flat A Room 2 Site Il 3.28 0.74 0.82
Flat BRoom 3 Site Il 3.17 0.72 0.85
Flat BRoom 4 Site Il 3.2 0.72 0.89
Book storage Site | 3.34 0.76 0.73
Reading Room Site | 3.36 0.76 0.82
Outdoor Air [44] 4.38 0.98 0.05
Soil 1481 4.33 0.90 0.03
storagel of Site II). The distribution of anthropogenic Discussion

niche (Table V) shows that passive sampling values were
between 0 and 0.23, while the bacterial population in air
samples as measured by active sampling provided a va-
riety of human origin species between 0.62 and 0.89. For
each indoor environment, the parallel consideration of
the three indices provides information on the microflora
biodiversity in the air (IAMB).

E245

Libraries represent one of those public places where
monitoring TAQ is relevant not only for people’s health,
but also for the preservation of materials, in this case the
paper of the books and their appropriate storage or res-
toration [12, 31]. Therefore, even if libraries do not rep-
resent settings at high occupational risk, they are exem-
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plificative indoor environments to test monitoring strate-
gies and improve air quality over the minimal require-
ments for occupational safety. Several studies regarding
IAQ in libraries have been reported, focusing on the dif-
ferent categories of risk factors [12, 26, 29, 30, 42]. A
monitoring program should include biological, physical
and chemical parameters, following a “holistic method”
to provide an extended vision of the phenomenon and an
overall evaluation of TAQ.

In this study, we considered an integrated approach (Fig-
ure 1). Interestingly, both chemical and physical param-
eters are known to influence microflora composition,
and, otherwise, each environmental microflora is typi-
cal of that ecological niche [24, 25, 42, 43]. Biodiversity
analysis showed the presence of paper-related bacteria
and allowed to define extent and diffusion of airborne
microorganisms.

The collected data defined the safety of libraries air, the
degree of comfort and wellness for users and workers.
IAQ data comply with standards for non-industrial prem-
ises. The PPM and PMYV indicators were acceptable for
most sites, with some slight discrepancies related with
external climatic conditions [30]. No main differences in
PPM and PMV were observed for the different libraries,
although these buildings have very different structures,
use, age, light exposure suggesting a major role for the
air conditioning/heating system.

Collected microclimatic and microbiological data sug-
gested the presence of disadvantageous conditions for
psychrophilic bacteria and fungi proliferation. Higher
air exchange/ventilation rates correspond to a decrease
in microbial load. Slight variations involved the psy-
chrophilic count in Reading room of Site III that can be
related to interference of ventilation and intense turnout
of users, in accordance with previous reports [11, 41].
In storage room of Site II, the psychrophilic bacterial
counts and fungal pollution are significantly higher than
in the reading room, although the microclimate was ac-
ceptable even if visible molds were observable on walls,
suggesting external factors or discontinuous indoor man-
agement. Overall mesophilic and psychrophilic growth
was in line with data surveyed in other rooms within the
same library, suggesting that similar disposition and ty-
pology of books, such as age, materials and storage con-
ditions, may play a role. This observation agrees with
statistical analysis showing a significant correlation with
the relative humidity, external and internal temperature
(Tab. IV).

Sequencing analysis by NGS allowed a comprehensive
evaluation of microflora biodiversity, and the indoor
distribution of microorganisms. The relative abundance
of different bacteria in the indoor atmosphere is of high
interest to evaluate IAQ. Airborne bacterial fluxes, in-
deed, represent an important way for microorganisms
to colonize remote environments. In this context, the
identification of levels and type of microbial pollu-
tion and analysis of its variations in space and time can
contribute to implement TAQ assessment and dynam-
ics[44]. A total of 110 £ 10 species were detected by
NGS for each sampled point. To analyze this microflora

complexity bioinformatic tools and several indices can
be used [45-47]. The Shannon diversity (H) and Shan-
non equitability (E,)) indices provide characterization of
biodiversity, overcoming microbial richness. To evaluate
microflora variations in indoor environments, we pro-
posed the combined assessment of microbial load (H)
and species representativeness (E,;) parameters, adding a
human/environmental pollution ratio (S,) to better char-
acterize the NGS output and acquire synthetic informa-
tion on Indoor Air Microbial Biodiversity (IAMB). As
expected, the indices values were less rich in biodiver-
sity than those reported for soil [48] or heavily polluted
outdoor air [44] and the proportion of anthropogenic
species S, compared to the total identified taxonomic
units was higher (Tab. V). Passive sampling allowed ac-
quisition of data for longer periods (1 month), showing
a comparable trend for H and Ey values but lower S,
values (0.001-0.23) while the bacterial population col-
lected by active techniques (60 seconds) showed a larger
variety of human origin species, with S, values between
0.62 and 0.89. This can be explained considering the
different sampling times, the drying effect of the tissue,
the overall day/night exposure periods without visitors
and the selective advantage of environmental resistant
species respect to the survival capabilities of human an-
thropogenic mesophilic. Staphylococci were identified
in the environments by 1 minute active sampling during
working hours, but not in the corresponding 30 days pas-
sive sampling, except for Staphylococcus epidermidis
that was identified in one site (T2 - Flat Room 2). In
conclusion, there was a mismatch between the species
detected by passive versus active sampling, therefore
these microorganisms might be deposited, but were not
cultivable on plate. However, in studying environmental
microflora, plate culture may represent a kind of bias,
because species are selected on the growth property we
have available. The adoption of sampling and analysis
systems strictly based on molecular methods without
culture steps would bypass this limit, as shown by DNA
analysis and NGS data.

In air samples analyzed by active techniques, the nu-
merous sequences corresponding to anthropic bacteria
(e.g. Micrococci, Paracocci, Staphylococci) suggested
contaminations by people [49]. Besides, all the sampled
libraries shared a similar microflora, including Mic-
rococci ranging from 0.7% (Flat B room 3) to 10.9%
(Flat A room 2) and Kocuria with a maximum of 10%
in Flat A room 2. Amongst identified genera some as
Corynebacterium, Macrococcus and Janthinobacterium
were already reported as predominant flora in indoor
air [50]. Furthermore, the presence of symbiotic (as Ko-
curia spp.) or phytopathogenic bacteria (as Erwinia and
Sodalis) in the community illustrated the potential role
of air in the dissemination of organisms interacting in
different biological processes. The book storehouse in
Site II showed a different scenario: although similar in
terms of microclimate, fungal and psychrophilic count,
a different mesophilic growth was observed, impacting
on microflora biodiversity. Staphylococcus and Pseu-
domonas genera prevailed in the most accessible area
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(books storage 2), while Acinetobacter, Erwinia, Entero-
bacter and Sodalis were present only in the farthest part
dedicated to long term storage (books storage 1). These
environments selected a different microflora. Bacteria
present in books storage 1, less adjacent to the external
environment, are typical of paper and include species de-
scribed papermaking industries [50]. Similarly, the pres-
ence of Pseudomonas spp. in the storehouse of Site I,
can be related to the capability to grow on different car-
bon sources including cellulose [51-54]. Fungi presence
in libraries and archives has been largely investigated,
mainly in correlation with paper deterioration and pos-
sible adverse effects on workers due to the release of
secondary metabolites [3, 32, 41]. Opportunistic patho-
gens were sporadically detected, as Fusarium genus that
produces mycotoxins and secondary metabolites which
can trigger allergic reactions. Most of the isolates col-
lected in our study belong to the genera Penicillium and
Cladosporidium, in line with previous studies [55, 56].

The proposed model and the microflora data by IJAMB
can provide a comprehensive evaluation of IAQ, sug-
gesting whether a particular environment may fall within
one of the different risk categories, including: i) the site
is clean or poses acceptable risk and no further action is
mandatory; ii) the site poses borderline risk levels and
a further monitoring or follow up may be required; iii)
the site is highly contaminated and remedial action is
needed. Evaluation of the potential impact of the micro-
flora biodiversity on TAQ depends on the specific envi-
ronment, activities and procedures carried out in that
context. Several guidelines and strategies are already
available for air risk assessment and can be improved by
the contribute of new molecular biology technologies.

conclusions

A comprehensive evaluation of Indoor Air Quality re-
quires a multidisciplinary approach and the identifica-
tion of critical points. The analysis of microflora by In-
door Air Microbial Biodiversity is revealed as a valuable
tool to assess IAQ and plan further corrective actions,
based on reconstruction of contamination sources and
routes. We can suggest that microflora biodiversity itself
may represent an informative and valuable marker for
IAQ, also when assayed by NGS. This NGS integrated
approach may represent a promising tool for surveillance
of IAQ in libraries and other occupational environments.
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Supplementary tables

$1. Reference values of thermal comfort according to 1SO 7730, 7726, 27243, 7933, 11079, 8996.

PMV PPD% Evaluation of thermal comfort

3 100 Very hot

2 75.7 Hot

1 26.4 Slightly hot

0.85 20 Thermal environment within acceptable
-0,5<PMV < 0,5 <10 Thermal comfort

-0.85 20 Thermal environment within acceptable
-1 26.8 Slightly cold

-2 76.4 Cold

-3 100 Very cold

S2. Evaluation of air quality in Site |, Site Il according to the sanitary standards for non-industrial premises [401.

Range
Group of | of value | Pollution ) )
microbes | (CFU/ degree sitel sitel
m3)
. Flat C
Reading Books Flat A Flat A Flat B Flat B } Books Books
Reading
room storage room 1 room 2 room 3 room 4 room storage 1 | storage 2
37°C | 22°C | 37°C | 22°C 37°C | 22°C | 37°C | 22°C | 37°C | 22°C | 37°C | 22°C | 37°C | 22°C | 37°C | 22°C | 37°C | 22°C
<50 Very low v
50-100 | Low N N
Bacteria | 101-500 | Intermediate \V N \ N N N N N N N V V V Y N
500 .
2000 | 9N
>2000 | Very high
<25 Very low Vv v v Vv v v v
<100 Low \ \
Fungi <500 Intermediate
<2000 |High
>2000 | Very high

S3. Evaluation of air quality in Site Ill according to the sanitary standards for non-industrial premises.

Group of microbes Range of value (CFU/m3) Pollution degree Site Il
Reading room Manager office
37°C 22°C 37°C 22°C
<50 Very low
50-100 Low N \
Bacteria 101-500 Intermediate V
500-2000 High V
>2000 Very high
<25 Very low
<100 Low
Fungi <500 Intermediate \
<2000 High v
> 2000 Very high

............................................................................ . E250




............................................................................ . MONITORING BIODIVERSITY IN LIBRARIES

S4. Type of fungi isolated from each site.

Fungi isolate Site | Site Il Site lll
Penicillium rivolii +

Penicillium viticola +

Cladosporidium sp. + ++
Cladosporidium uredinicola +

Fusarium sp. +

Ascomycota genus +




