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Abstract: Bioremediation utilizes living organisms such as plants, microbes and their enzymatic
products to reduce toxicity in xenobiotic compounds. Microbial-mediated bioremediation is cost
effective and sustainable and in situ application is easily implemented. Either naturally occurring
metabolic activity can be utilized during bioremediation for the degradation, transformation or
accumulation of substances, or microbial augmentation with non-native species can be exploited.
Despite the perceived low potential for the biological degradation of some recalcitrant compounds,
successful steps towards bioremediation have been made, including with asbestos minerals, which
are prevalent in building stock (created prior to the year 2000) in New Zealand. Evidence of the in
situ biodegradation of asbestos fibres was investigated in samples taken from a retired asbestos mine,
asbestos-contaminated soils and biofilm or lichen-covered asbestos-containing building materials.
Microbial diversity within the biofilms to be associated with the asbestos-containing samples was
investigated using internal transcribed spacer and 16S DNA amplicon sequencing, supplemented with
isolation and culturing on agar plates. A range of fungal and bacterial species were found, including
some known to produce siderophores. Changes to fibre structure and morphology were analysed
using Transmission Electron Microscopy and Energy-Dispersive X-ray Spectroscopy. Chrysotile fibrils
from asbestos-containing material (ACMs), asbestos-containing soils, and asbestos incorporated into
lichen material showed signs of amorphisation and dissolution across their length, which could be
related to biological activity.

Keywords: asbestos; bioremediation; chrysotile; fungi; bacteria; Transmission Electron Microscopy;
Energy-Dispersive X-ray Spectroscopy

1. Introduction

Modern landfills were designed to safeguard human health from hazards associated
with municipal solid waste [1]. Whilst providing public health protection in the short-term,
landfills can still pose a long-term risk made worse by environmental and human-derived
change to land-use and the climate (Wallis et al., 2020) [2]. Composting, incineration and
recycling are among the available alternatives for waste disposal, but typically, these are
only suitable for non-hazardous and/or organic substances. Hazardous and inorganic
waste is often considered untreatable.

One such persistent, inorganic waste stream is derived from asbestos, which is a
globally ubiquitous hazard within the built environment. Asbestos comprises six types of
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elongate mineral particles (EMPs) corresponding to specific dimensional and morphological
criteria [3]. Responsible for health issues including pleural abnormalities, bronchogenic
carcinomas, asbestosis and malignant mesothelioma (MM), asbestos has been well re-
searched [4–6]. Despite this, significant exposure continues to occur throughout the world,
potentially affecting 125 million people in the workplace [7]. Although the majority of
diagnosed MM cases over the last 50 years have been attributed to occupational exposure,
a significant number of cases have arisen via other pathways, including para-occupational,
domestic and environmental exposure [8].

Asbestos is commonly combined within a building material matrix, such as concrete,
and is rarely disposed of in its raw (unbonded) fibrous form [9]. This greatly increases
the volume going to landfill, which is estimated (using a conservative average asbestos
concentration of 5% within the building product matrix) to be around 4 billion tonnes [9].
However, the volumes of contaminated soil that must be disposed of, plus the associated
contaminated waste, are likely to exceed this estimate because safety limits for asbestos in
soils can be as low as 10 mg/kg [10]. Currently, there is no long-term unified approach to
address increasing waste volumes or the legacy of multiple sites of marked (or unmarked)
contaminated land.

Although physico-chemical treatments have been developed to treat asbestos waste,
high energy requirements and health and safety issues [11], combined with potentially
high soil volumes, have presented significant limitations. Research has shown that microor-
ganisms, such as fungi and lichens can, to some extent, degrade asbestos fibres, scavenging
energy for microbial metabolism and extracting cations [12–14]. Observations that fungi
and lichens spontaneously develop on asbestos rich substrates (Figures 1 and 2), such as
serpentinite rocks [15], suggest that this might be a viable option for bioremediation.
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Figure 1. Kahurangi National Park, New Zealand, location of disused asbestos mine.

A growing body of research has investigated the mechanisms by which this pro-
cess could work. The production of iron-chelating siderophores and/or organic acids
by fungi can complex mineral constituents of rocks, including different forms of as-
bestos [14,16,17]. For example, Daghino et al. [18] reported that Fusarium oxyspo-
rum extracted iron from asbestos fibres, and later found that some fungal species iso-
lated from chrysotile mines removed iron from the fibres through the production of
siderophores [16]. In controlled laboratory studies, cultures of the fungi Fusarium oxyspo-
rum and Verticillium leptobactrum, which had been isolated from serpentinic rocks, were
found to extract iron from asbestos fibres [18,19]. Further experiments demonstrated
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the chelating activity of exudates from some fungi (and lichens) leads to the subsequent
modification of the chemical composition of chrysotile fibres in vitro. These modifi-
cations affected chemical reactivity and structure, potentially altering toxicity. More
recently, Mohanty et al. [17] performed experiments on crushed chrysotile fibres with
environmentally realistic concentrations of three different organic acids and fungal and
bacterial siderophores. Both the bacterial and fungal siderophores significantly reduced
iron on the surface of and within the chrysotile fibres, but the organic acids did not.
These studies have been trialled on pure asbestos materials; however, it is less clear how
effective these iron-removing processes would be when asbestos fibres are dispersed in
soil (or in ACM).
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This paper presents the results of a preliminary study of asbestos fibre integrity in
samples where asbestos fibres are dispersed in soil, embedded in biofilm-coated building
materials, incorporated into lichen tissue or in a raw state from an asbestos mine.

2. Materials and Methods
2.1. Asbestos Identification and Biofilm Sampling Procedures

Ten samples were collected for analysis, from a natural asbestos deposit contaminated
soils and asbestos-containing materials, including roofing, cladding and fragments of
lichens from asbestos roofing samples (Table 1). In this paper, we will use the mineralogical
term “fibre” when referring to minerals with highly elongated morphology developed
during growth. The term “fibril” will be used when single crystal asbestos minerals can
be distinguished.

2.1.1. Natural Deposits

Samples of biofilms and soil were taken following approved health and safety pro-
tocols (Section 2.5) during a site visit to a disused asbestos mine in Kahurangi National
Park, South Island, New Zealand (Lat 41.123107/Long 172.699993, Figures 1 and 2). Rocks
bearing asbestos fibres at the mine site were identified visually (Figure 3A), and most of
these were found to have a black-brown or orange biofilm growing on them (Figure 3B).
Research was carried out with the support of indigenous tribal authorities (Mana Whenua
ki Mōhua (Ngāti Rārua, NgātiTama and Te Ātiawa), and with permission from the New
Zealand Department of Conservation (permit # 93501-GEO).
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Table 1. Laboratory analysis results from Focus Analytics and sample observations from UNITO.

TEM Sample
Identifier Contents IANZ Analysis Observations DNA Sample

Code

NZ_A_01 ACM Roof
fragment Chrysotile/Amosite

Presence of cement/concrete-derived material
on fibre surfaces/boundaries. Minor evidence

of fibre surface modification.
ACM01

NZ_A_04 ACM Shed
Cladding Chrysotile/Amosite

Presence of cement/concrete-derived material
on fibre surfaces/boundaries. Minor evidence

of fibre surface modification.
-

NZ_A_06 Lichen material
from ACM Chrysotile/Amosite

Presence of cement/concrete-derived material
on fibre surfaces/boundaries. Minor evidence
of fibre surface amorphisation/modification.

-

NZ_A_07 Lichen material
from ACM Chrysotile

Presence of cement/concrete-derived material
on fibre surfaces/boundaries. Minor evidence
of fibre surface amorphisation/modification.

ACM04

Q-00036, S3-3 Asbestos
contaminated soil Chrysotile

Minor evidence of fibre surface
amorphisation/modification. Al-based phases

related to the soil present
-

Q-00036, S1-020 Asbestos
contaminated soil Chrysotile

Minor evidence of fibre surface
amorphisation/modification. Al-based phases

related to the soil present
-

Q-00036, S2-013 Asbestos
contaminated soil Chrysotile

Minor evidence of fibre surface
amorphisation/modification. Al-based phases

related to the soil present
-

S-09884,
S1-RS01

ACM -Base
cladding
fragment

Chrysolite/Amosite
Presence of cement/concrete-derived material
on fibre surfaces/boundaries. Minor evidence
of fibre surface amorphisation/modification.

ACM06

S-10146-S1.1 Chrysotile mine
sample Chrysotile Pristine fibres with some signs of surface

modification in rare cases Mine01

S-10146-S4.5 Chrysotile mine
sample Chrysotile Pristine fibres with some signs of surface

modification in rare cases Mine05
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Biofilms were moistened with sterile water to make sampling easier and to prevent
fibres from becoming airborne. Sterile cotton swabs were rubbed across the biofilm surface
to collect microbial material. These swabs were placed in separate labelled plastic bags and
stored at 4 ◦C for less than 36 h. Swabs for DNA extraction were then frozen at −80 ◦C,
and swabs for culturing were kept refrigerated. In addition, small samples of asbestos-
containing rock were collected for later analysis. All samples were double-bagged and
stored in a third bag.

Sub-samples of the raw fibres were sent to IANZ (International Accreditation New
Zealand)-accredited Focus Analytics Laboratories for formal analysis of fibre type and
also couriered to the University of Torino (Università di Torino, UNITO), Italy, for further
structural and morphological analysis.

2.1.2. Asbestos-Containing Materials

Externally located asbestos-containing materials were sampled and swabbed from
pre-identified sites by licensed removalists whose clients had agreed to the use of their
samples for further testing. The swabs were frozen for later DNA extraction, refrigerated
for later culturing or further analysed within 24 h of sampling within a negative pressure
unit (NPU, WAYSAFE® SA1000 Sample Analysis and Preparation Safety Enclosure, Ashton-
under-Lyne, UK). Two lichen samples from ACM were carefully peeled off their substrate
and identified within the NPU. The remaining samples of ACM or lichen material were
furnaced at 400 ◦C, to remove any organic content at the Focus Analytics Laboratory from
which another sub-sample (at least 10 g of material) was transferred to facilities at UNITO
for fibre characterisation.

2.1.3. Asbestos Contaminated Soils

Asbestos-contaminated soil samples were taken from pre-identified sites by licensed
removalists whose clients had agreed to the use of their samples for further testing. A
small sub-sample of 0.25 g was extracted within the NPU and frozen within 24 h for later
DNA extraction. Once a sub-sample had been taken, the remaining soil sample was dried
(at 110 ◦C) and then furnaced (at 400 ◦C) to remove organic fibres at the Focus Analytics
Laboratory, from which another sub-sample (at least 10 g of material) was transferred to
UNITO for fibre characterization.

2.2. Asbestos Fibre Identification

All samples (bulk materials and soil) were formally analysed for asbestos fibres by
Focus Analytics, according to Standard AS4964 [20].

2.3. Asbestos Fibre Characterisation

To preserve the original morphology and the crystallinity degree as much as possible,
the samples for preliminary observation were hand ground in an agate mortar for one
minute, and then transferred to a TEM copper grid. A thorough investigation of samples
showed that a 1 min hand grinding was not sufficient to observe the mineral particles in
sufficiently high numbers and detail. Subsequently, all samples were hand-ground for
10 min, using an agate mortar and pestle. This procedure did not affect the crystal structure
or the morphology of the fibres. The suspension containing the ground particles was
transferred onto carbon-coated copper grids. Once the grids were loaded on a double-tilt
sample holder, the holder was left within the column for 30 min before the exposure to
the electron beam was begun to reduce beam damage [21–23]. An electron beam damage
test was performed on each sample since chrysotile is particularly beam-sensitive and
recognizable morphological transformations can be induced at this stage. A TEM CM12
operating (Philips, Amsterdam, The Netherlands) at 120 kV was used to collect dimensional,
structural, morphological and chemical data from the samples. Pictures were taken at
10,000× to clearly distinguish bundles and detect particle regions with morphological
modifications. The qualitative chemical composition of each observed fibril was confirmed
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through a semi-quantitative Energy-Dispersive X-ray Spectroscopy spot analysis. Selected
Area Electron Diffraction was performed to confirm the identity of the particles. The
photographic film exposed within the TEM CM12 was developed and fixed in a dark room,
scanned and digitalised. The measurement was performed on the converted digital images
using ImageJ-FIJI (Version 2.9.0) [24]. Results are summarized in Table 1.

2.4. Identification of Organisms Found in Association with Asbestos-Containing Materials

Three different methods were used to identify organisms associated with the asbestos
samples. Lichens were visually identified (by DB). DNA was extracted from samples
of biofilms from asbestos-containing rock, asbestos-containing building materials and
asbestos contaminated soils using either DNeasy® Plant Mini Kits (Qiagen, Germantown,
MD, USA) or NucleoSpin® (Machery-Dagel, Düren, Germany) Soil Kits, followed by
internal transcribed spacer and 16S amplicon DNA sequencing to identify bacteria and
fungi. A subset of these biofilm samples was used to isolate and culture fungi and identify
resulting pure cultures using DNA barcoding.

2.4.1. DNA Extraction and 16S and ITS Amplicon Sequencing

DNA extractions were carried out inside a negative pressure unit, following safety
protocols for the handling of asbestos-containing materials as recommended by the Health
and Safety Executive [25]. DNA was extracted from swabs collected from biofilms from
asbestos-containing building materials (ACM) and asbestos-containing rocks in asbestos
mine tailings (Mine) using DNeasy® Plant Mini Kits (Qiagen). The cotton tips of the swabs
were cut off and incubated in AP1 Buffer for three hours at 65 ◦C. The extraction was then
carried out following the manufacturer’s instructions, with DNA being eluted into 50 µL
of AE buffer. DNA was not extracted from the soil samples examined in this paper. To
identify the diversity of fungi and bacteria present within each sample, a 500–600 bp section
of the internal transcribed spacer (ITS) region was amplified via PCR using the primers
ITS1F, 5′-CTT GGT CAT TTA GAG GAA GTA A and ITS2 5′-GCT GCG TTC TTC ATC
GAT GC [26], and a 290–295 bp section of the bacterial 16S ribosomal RNA region was
amplified using the primers 515F, 5′-GTG YCA GCM GCC GCG GTA A, and 806R, 5′-GG
ACT ACN VGG GTW TCT AAT [27]. PCRs were performed in 25 µL reactions containing
13 µL of ultra-pure water, 0.5 µL of each primer (10 µM), 10 µL of Platinum™ Green Hot
Start DNA Polymerase (Thermofisher Scientific, Waltham, MA, USA) and 1 µL of DNA
template (10 ng/µL). For the ITS region, DNA was denatured at 95 ◦C for 2 min, followed
by 40 cycles of 95 ◦C for 30 s, 48 ◦C for 30 s and 72 ◦C for 1 min, with a final extension
period of 10 min at 72 ◦C. For 16S, DNA was denatured at 94 ◦C for 3 min, followed by
35 cycles of denaturation at 94 ◦C for 45 s, annealing at 50 ◦C for 60 s and extension at
72 ◦C for 90 s, with a final extension period at 72 ◦C for 10 min. PCR products were run
on a 2% agarose gel and visualized using an Uvidoc HD6 (Uvitec, Cambridge, UK) to
confirm that amplification was successful. ITS and 16S PCR amplicons from each sample
were pooled, purified using AMPure XP magnetic beads (Beckman Coulter, Indianapolis,
IN, USA) and eluted into ultrapure water prior to Illumina MiSeq™ sequencing at Massey
Genome Service (Massey University, Palmerston North, New Zealand).

Illumina MiSeq 300 bp paired-end reads were processed for quality using a standard
Illumina sequence analysis pipeline. Reads were trimmed to their longest contiguous seg-
ment for which quality scores were less than a quality cutoff (set at 0.01), using the dynam-
ictrim application from the SolexaQA++ software package (http://solexaqa.sourceforge.
net/, accessed on 26 January 2023) with further processing performed in R v4.2.2. ITS,
and 16S reads were demultiplexed using the function filterFastq in the ShortRead [28] and
fastqPairedFilter packages in dada2 Version 1.0.3 [29]. Sequences were then processed
further following the dada2 amplicon sequencing workflow. Primer sequences were re-
moved using Cutadapt v.4.1, and paired-end reads were merged and chimeric sequences
removed using the BimeraDenovo function. Amplicon sequence variants’ (ASVs) identities
were assigned using the National Center for Biotechnology Information (NCBI) BLASTn

http://solexaqa.sourceforge.net/
http://solexaqa.sourceforge.net/
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algorithm. Identification at the species level was made if there was a match of 99% or above
to one or more reference sequences for that species, with no other close matches. Where
two or more species were a 100% match, the sequence was assigned an identification at
the genus level. Where there were no close matches to one species, but multiple matches
(>95%) to species in different genera, identification was assigned at the family level.

2.4.2. Culturing of Fungi and DNA Barcoding

Swabs were streaked over three agar plates in succession (Potato dextrose agar with
chloramphenicol, Fort Richard, Auckland, New Zealand) in an NPU to isolate and culture
fungi. Cultures were grown for one to two weeks at 21 ◦C before any morphologically
distinct colonies were sub-cultured in the NPU to isolate pure cultures of each fungal species.
Following this, DNA was extracted using a Qiagen DNeasy Plant Mini Kit, following the
manufacturer’s instructions. The ribosomal DNA internal transcribed spacer region (ITS)
was amplified and sequenced using primers ITS1f [30] and ITS4 [31]. PCR products were
purified using the Qiagen MinElute PCR purification kit. Sequencing was performed
by the Massey Genome Service (Massey University, Palmerston North, New Zealand)
using an Applied Biosystems model 3730 automated capillary DNA sequencer, using the
same primers used for PCR. DNA sequences were assembled, edited and aligned using
Geneious® 11.0.5 software and identified using the National Center for Biotechnology
Information (NCBI) BLASTn algorithm.

2.5. Health and Safety

In NZ, there are no standard health and safety guidelines available for asbestos analysis
that lie outside of procedures covered by IANZ accreditation (for asbestos laboratories
offering asbestos sample identification). Therefore, comprehensive sampling and analytical
procedures were created based on the British Occupational Hygiene Society (BOHS) courses
IP402 Surveying and Sampling Strategies for Asbestos in Buildings, IP404 Air Monitoring,
Clearance Inspections and Reoccupation Following the Removal of Asbestos and IP405
Management of Asbestos in Buildings and IANZ Chemical Testing Programme [32].

3. Results

Six soil samples were found to contain asbestos bundles and were suitable for analysis.
Locating asbestos bundles in contaminated soil samples can be problematic because (a) their
distribution is heterogeneous and (b) permission was required from site owners to formally
identify the presence of the fibres, which was not always provided. Samples of ACM and
from the chrysotile mine were also found to contain asbestos. Table 1 shows sample type,
sample size and asbestos fibre type (s) identified. Where amosite was found, it was 1% of
the total fibre sample.

3.1. Asbestos Characterisation and Fibril Modification

Samples of asbestos-containing materials (including amosite and chrysotile), chrysotile
bound in serpentinite rocks and free particles of chrysotile in soil were analysed by the
Department of Earth Sciences, University of Torino (UNITO), Italy. The samples included
roofing material (Super Six™), shed flashing and cladding for which there were clearly
visible areas of lichen colonisation.

3.1.1. Lichen Material from ACM Samples and ACM Samples

Bright-field TEM observations suggest that chrysotile fibrils in these samples of ACM
and from within the lichen material, underwent partial modification. The fibril transfor-
mation consisted of surface (and possibly bulk) amorphization and evidence of dissolu-
tion at the fibril apex (Figure 4). Amorphization and morphological transformations can
be induced by the electron beam during TEM observations; however, the formation of
“bubble-like” structures along the fibril induced by the electron beam occurred during the
beam damage testing, but did not occur during analytical observations. Furthermore, the
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amorphization induced by the beam damage testing did not allow for the observation of
diffraction spots, while diffraction spots were recognizable during analysis.
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Figure 4. (A) Sample 3 (Batch 1- ACM with lichen growth). A chrysotile fibril with a partially
visible inner channel (aligned with the yellow arrow). T. (B) Selected Area Electron Diffraction
(SAED) showing both a crystalline diffraction pattern and diffused rings characteristics of amorphous
material. a* indicates the generic crystallographic direction. (C) Details of the fibril in which possible
amorphization and/or dissolution (red arrows) evidence might be observed.

3.1.2. Asbestos from Serpentinite Rocks

The serpentinite rocks samples were characterised by chrysotile fibrils only. No other
asbestos or EMPs were found. The fibrils were usually collected in bundles with a parallel
to nearly parallel arrangement (Figure 5—left panel). The fibrils were usually straight, but
were occasionally visibly curved (Figure 5—right panel), and were generally unmodified
in terms of morphology and crystallinity degree.

3.1.3. Asbestos Contaminated Soils

The soil samples were mostly composed of chrysotile fibrils, soil remains and am-
phibolic fibres. Fibrils were found both in disorganized bundles mixed with soil remains
(Figure 6—left panel), as well as straight isolated fibrils (Figure 6—right panel). Fibrils
were found to be partially modified in terms of morphology and crystallinity degree.
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3.2. Microbial Identification
3.2.1. Lichen Material Taken from ACM Samples

Two of the samples contained lichen material removed from old Super Six™ asbestos-
based roof material (Figure 7) and the lichen in both samples was identified as Xan-
thoparmelia scabrosa.

3.2.2. ACM Samples

A range of different fungi and bacteria were identified from ACM biofilms using
Amplicon DNA sequencing (Figures 8 and 9). Fungi included species of Catenulostroma,
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Cladosporium and Devriesia. Bacteria included species of Actinomycetospora and Sphingomonas.
Around half of the fungal and bacterial sequences did not have close matches on Genbank.
One sample from ACM (ACM06) was also inoculated on PDA plates, and three fungal
species (Cladosporium cladosporioides, Leucosporidium scottii and Pseudopithomyces chartarum
were successfully isolated and cultured.

Minerals 2024, 14, x FOR PEER REVIEW 10 of 15 
 

 

3.2. Microbial Identification 
3.2.1. Lichen Material Taken from ACM Samples 

Two of the samples contained lichen material removed from old Super Six™ asbestos-
based roof material (Figure 7) and the lichen in both samples was identified as Xanthopar-
melia scabrosa. 

 
Figure 7. Chrysotile asbestos fibres within a section of super six roofing which shows lichen growth 
(left panel); isolated section of lichen taken from roofing (right panel). 

3.2.2. ACM Samples 
A range of different fungi and bacteria were identified from ACM biofilms using Am-

plicon DNA sequencing (Figures 8 and 9). Fungi included species of Catenulostroma, 
Cladosporium and Devriesia. Bacteria included species of Actinomycetospora and Sphingo-
monas. Around half of the fungal and bacterial sequences did not have close matches on 
Genbank. One sample from ACM (ACM06) was also inoculated on PDA plates, and three 
fungal species (Cladosporium cladosporioides, Leucosporidium scottii and Pseudopithomyces 
chartarum were successfully isolated and cultured. 

 
Figure 8. Taxonomic identifications of the most abundant amplicon sequence variants (ASVs) from 
the ITS region. ACM = Asbestos-containing building materials; Mine = samples taken from asbestos 
bundles in a natural serpentinite deposit. 

Figure 7. Chrysotile asbestos fibres within a section of super six roofing which shows lichen growth
(left panel); isolated section of lichen taken from roofing (right panel).

Minerals 2024, 14, x FOR PEER REVIEW 10 of 15 
 

 

3.2. Microbial Identification 
3.2.1. Lichen Material Taken from ACM Samples 

Two of the samples contained lichen material removed from old Super Six™ asbestos-
based roof material (Figure 7) and the lichen in both samples was identified as Xanthopar-
melia scabrosa. 

 
Figure 7. Chrysotile asbestos fibres within a section of super six roofing which shows lichen growth 
(left panel); isolated section of lichen taken from roofing (right panel). 

3.2.2. ACM Samples 
A range of different fungi and bacteria were identified from ACM biofilms using Am-

plicon DNA sequencing (Figures 8 and 9). Fungi included species of Catenulostroma, 
Cladosporium and Devriesia. Bacteria included species of Actinomycetospora and Sphingo-
monas. Around half of the fungal and bacterial sequences did not have close matches on 
Genbank. One sample from ACM (ACM06) was also inoculated on PDA plates, and three 
fungal species (Cladosporium cladosporioides, Leucosporidium scottii and Pseudopithomyces 
chartarum were successfully isolated and cultured. 

 
Figure 8. Taxonomic identifications of the most abundant amplicon sequence variants (ASVs) from 
the ITS region. ACM = Asbestos-containing building materials; Mine = samples taken from asbestos 
bundles in a natural serpentinite deposit. 

Figure 8. Taxonomic identifications of the most abundant amplicon sequence variants (ASVs) from
the ITS region. ACM = Asbestos-containing building materials; Mine = samples taken from asbestos
bundles in a natural serpentinite deposit.

3.2.3. Asbestos Bundles from Serpentinite Rock

Biofilms on samples from the asbestos mine were mainly made up of cyanobacteria and
fungi (Figures 8 and 9). Amplicon DNA sequencing indicated that the main fungi present
were species of Cladosporium, Epicoccum, Fusarium, Fomitopsis and Sporobolomyces. The
bacteria were mainly different isolates of the cyanobacteria Chroococcidiopsis and Stigonema,
and the bacterium Rubrobacter. Around half of the fungi and bacteria detected did not have
a close match on Genbank. One sample (Mine01) was also inoculated onto PDA plates,
with Cladosporium cladosporioides, unknown species of Biscogniauxia and Crustomyces and
unidentified isolates from the Pezizales and Hymenochaetales being successfully isolated
and cultured.
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3.2.4. Asbestos Contaminated Soils

None of the soil samples sent for asbestos particle analysis were successfully DNA
sequenced or cultured.
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4. Discussion

The finding that chrysotile fibrils from ACM, associated with biofilms, lichens growing
on ACM and asbestos-contaminated soil, show signs of degradation is promising.

The modification of chrysotile fibrils that were found to be incorporated into the
tissues of the lichen Xanthoparmelia scabrosa is consistent with previous research on the
related species X. tinctina [12,13]. It was found that X. tinctina was able to selectively remove
magnesium ions from chrysotile fibres, and further follow-up studies with the isolated
mycobiont from X. tinctina found that it removed magnesium from the chrysotile fibrils
through the production of oxalic acid. Another possibility is that microorganisms present
within or under the lichen thallus may be responsible for fibre modification. Lichens are
known to host complex microbiomes of bacteria and filamentous fungi and yeasts [33,34],
some of which may produce siderophores and organic acids, and further research will be
carried out to explore this.

ACM samples also showed signs of chrysotile amorphisation. Some of the organisms
found in the biofilms growing on the ACM samples have been reported in the literature as
being able to produce siderophores. For example, Leucosporidium scottii is known to produce
siderophores in culture [35] and potentially chelate iron. Cladosporium cladosporioides has
previously been isolated from serpentinite and was also found to produce iron-chelating
siderophores (ferricrocin) in culture [16].

The two samples of chrysotile from the asbestos mine in Kahurangi National Park show
little sign of modification, despite contact with biofilms that contained fungal species such
as Cladosporium cladosporioides and Epicoccum nigrum that have previously been reported to
produce siderophores [16,36]. The site receives a high level of rainfall annually [37], and
is exposed to the sun, so if weathering was responsible for the modification of asbestos,
then it should be found in these samples. One explanation is that the asbestos particles
are continuously being eroded and are relatively newly exposed to both the weather and
developing biofilms, and so not enough time has elapsed for the fibres to be modified.
Another possibility is that fibres from the centre of bundles were analysed, and that they
may be less exposed to weathering and bioweathering. The two samples had similar
numbers of fungal ASVs, but one sample (Mine05) had far fewer cyanobacterial ASVs than
the other sample (Mine01). This is most likely due to variability in biofilm composition and
structure on the serpentinite rocks sampled from different locations within the site.
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Asbestos-contaminated soil samples also showed indications of fibril amorphiza-
tion. Unfortunately, no DNA sequence data were available for these particular samples,
but other asbestos-contaminated soil samples from the same areas were sequenced by
Doyle et al. [38], who identified a range of fungal and bacterial species as being present,
including Cladosporium cladosporoides, Epicoccum nigrum, Fusarium oxysporum and Yarrowia
lipolytica, all of which have been reported in the literature as being able to produce
siderophores in vitro [16,36,39,40]. Previous research by Martino et al. [19] found that
several soil fungi were able to remove iron from crocidolite fibres in vitro. The removal
of magnesium and calcium ions by soil fungi and bacteria has also been identified as a
mechanism for the degradation of chrysotile in vitro. Borges et al. [41] found that cultures
of the fungus Aspergillus niger, the bacterium Acidithiobacillus thiooxidans and the acids
they produce (gluconic, citric, oxalic and sulphuric) were able to degrade loose chrysotile
fibrils, and ground asbestos cement in laboratory experiments. These results are a positive
indication that it may be feasible to remediate asbestos-contaminated soils in situ.

The finding of chrysotile and amosite fibrils in two lichen samples from an ACM
roof is concerning. The lichen material was initially attached to pieces of ACM roof found
around a building. Two layers of paint physically separated the lichen and the ACM. This
suggests that either the lichen was able to access asbestos fibres through two layers of
paint, or that the painted roof surface had been disrupted in some way to expose friable
amosite and chrysotile fibres that were subsequently incorporated by the lichen. Asbestos-
containing building materials are often encapsulated with stabilizing paint products, but
the performance of these is reduced if the product has a low binding effectiveness, or the
roof surface has already deteriorated. In addition, visual evaluation of ACM for signs of
deterioration can be misleading unless fibres are clearly visible on the surface [42].

Further research will focus on confirming whether the samples were subjected to
bioweathering, chemical-physico weathering or a combination of both. This research will
also seek to establish the likely timeframe over which in situ degradation may occur. The
impact of weathering on the toxicological properties of the degraded asbestos will also
require careful investigation. As toxicological comparisons between different mineral fibres
(e.g., crocidolite versus chrysotile) are performed based on equal mass of fibres [43], it
is important that any future toxicological tests made on degraded asbestos from trials
accurately represent what would actually be deposited in the lung during inhalation.

5. Conclusions

Samples of asbestos fibres taken from soils, biofilm-covered ACM and from within
lichens growing on ACM showed promising signs of degradation in those contexts, while
raw fibres taken from an asbestos mine showed no indications of degradation. This
degradation may be the result of chemical, physical or bioweathering and further research
is required using more examples of in situ degradation. In addition, more advanced
characterisation techniques such as low-dose electron microscopy and Electron Energy-
Loss Spectroscopy should be used to further investigate fibril transformation.

Organisms sampled from ACM included Leucosporidium scottii and Cladosporium cla-
dosporioides which have both been previously identified as producing siderophores. Those
from raw asbestos fibres extracted from the asbestos mine were Cladosporium cladospori-
oides and Epicoccum nigrum. Although DNA sequence data were not available for the soil
samples, previous research from the same set of sites isolated Cladosporium cladosporoides,
Epicoccum nigrum, Fusarium oxysporum and Yarrowia lipolytica. Lichen material taken from
ACM was found to contain asbestos fibres, indicating fibre liberation from the substrate.
This requires further research to better control a potential exposure pathway to protect
human health.

These preliminary investigations show promising signs for the in situ bioremediation
of asbestos- gcontaminated soils, However, more research is required to establish degrada-
tion timeframes and the mechanisms responsible. It is also essential that degraded fibres
are further investigated for associated changes in toxicological response.
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