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Abstract

Molecular species identification is a powerful tool in taxonomy, biodiversity research and ecology, in particular for groups of
organisms with limited diagnostic features. This tool relies on the development of high-quality reference sequence databases,
and such databases can be built using collection specimens and mass parallel sequencing. Here, lichen herbarium specimens and
mass parallel sequencing were used to generate reference ITS sequences for microlichens from the Australian Capital Territory
(ACT) and to develop a reference sequence database. The preliminary database was then tested on un-identified specimens
collected during the 2018 ACT BushBlitz expedition. Challenges met during both database development and molecular species
identification suggest that these processes will not be straightforward for microlichens, due to the high number of sequences
generated for non-target species (lichen-associated fungi, co-occurring lichenised species and sample cross-contaminants).
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Introduction

Lichens, symbiotic associations between a fungus and
a microalga (either a green alga or a cyanobacterium,
or both), come in all sizes and shapes. Their vegetative
structure, called a thallus, ranges from a few millimetres
to tens of centimetres in extent. Microlichens, or
lichens with small and/or thin thalli, mostly include
crustose, squamulose or granulose species, whereas
macrolichens, orlichens with large and often bushy thalli,
mostly include foliose and fruticose species. Such as for
macrolichens, several factors make microlichens difficult
to identify to the species level using morphological
characters. Diagnostic features are sparse and may be
lacking in immature specimens, or misleading in old
specimens or specimens growing in atypical conditions.
Even when present, critical diagnostic features, such
as the ascus tip and ascospore structure, are often
difficult to observe and may require the preparation of
numerous cross-sections for microscopic examinations.
Additionally, morphological convergence and high
infraspecific morphological variability are common in
lichens, both for vegetative and reproductive structures,
making morphological species delimitation and, as a
result, morphological identifications, rather difficult, in
particular when conducted in the field. Due to their small
sizes, all these issues are compounded for microlichens,
and their taxonomy lags behind compared to the
taxonomy of macrolichens.

In the Australian Capital Territory (ACT), lichens
have historically been well studied thanks to the work
of local lichen taxonomists (e.g. McCarthy & Elix 2016;
Elix & MacCarthy 2018; McCarthy & Elix 2020, 2021). As
listed in the Census of Plants of the ACT v. 4.1 (30 August
2019), 521 lichen species and infraspecific taxa occur in
the territory, many of which were microlichens. Lichens
occur in various ecosystems, from the dry soils of open
Eucalyptus woodlands to exposed alpine rocky outcrops
in Namadgi. Macrolichen genera well represented
in the region are Xanthoparmelia and Cladonia, and
diverse microlichen genera including Buellia and
Lecanora. For lichen species identification, various keys
and monographs are available, either as part of the
volumes of the Flora of Australia (ABRS, Canberra and
CSIRO, Melbourne) or as journal or online publications
(e.g. Elix et al. 2017 for buellioid taxa; McCarthy 2012
for Verrucaria; McCarthy et al. 2020 for Rhizocarpon). A

lichen checklist for Australia and its island territories is
also available online (McCarthy 2020). In addition to
high quality morphological data, chemistry data are
available for a large number of species and specimens
thanks to the work of Elix and others (e.g. Archer & Elix
1999; Elix 2009; Elix et al. 2009).

Although morphological and chemical data are
many Australian lichens, including
microlichens from the ACT, DNA sequence data is still
sparse. Few molecular revisions have either targeted
(e.g. Crespo et al. 2010; Lumbsch et al. 2010; Gueidan &
Elix 2022) or included (e.g. Leavitt et al. 2018; Barcenas-
Pefa et al. 2021) Australian taxa, but most genera have
not yet been the subject of molecular work. Well curated

available for

lichen material stored in Australian herbaria could
however be used to produce such data, as methods
to generate sequences from herbarium specimens are
becoming more and more effective. These methods
include protocols to obtain sequences from old
herbarium specimens (Sohrabi et al. 2010; Redchenko
et al. 2012; Kistenich et al. 2019). For example, using lon
Torrent sequencing technology, sequence data were
obtained from lichen specimens up to 150-year-old
(Kistenich et al. 2019). These new methods also allow
the processing of large number of specimens at once,
including 96 lichen specimens in Gueidan et al. (2019)
and 384 lichen specimens in Gueidan and Li (2022).
The potential of using lichen herbarium specimens for
molecular taxonomy have however not yet been fully
realised in Australia.

Reference sequence databases are important
resources for various fields of science, including
systematics, ecology, biodiversity and eDNA research.
For fungi, the marker ITS was chosen as the fungal
universal barcode early on (Schoch et al. 2012), and
several well curated databases now provide access to
large numbers of well-curated and high-quality ITS
sequences, including UNITE (Koljalg et al. 2013; Nilsson
et al. 2018) and RefSeq (Schoch et al. 2014; O’Leary et
al. 2015). Large taxon gaps however still exist in these
databases (Orok et al. 2012; Koljalg et al. 2013; Crous et
al. 2014; Nilsson et al. 2018), and dried and living fungal
collections have been proposed as possible solutions to
generating ITS sequences from large number of species,
specimens or strains (Yahr et al. 2016; Gueidan et al.
2019; Gueidan & Li 2022; Crous et al. 2014).
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Here, as a first step towards the development of an
ACT microlichen sequence database, we use CANB
specimens (including types) and both traditional and
next generation long-read sequencing techniques
to generate ITS sequences for microlichens from
the ACT. These sequences are then used to create
a preliminary version of a sequence database for
molecular identification purpose. This preliminary
database is tested on several un-identified specimens
collected during the 2018 ACT BushBlitz expedition and
challenges to both generating sequences for a reference
database and using this database to identify specimens
to the species level are discussed.

Methods
Taxon selection and digitisation

The Census of Plants of the Australian Capital Territory
(ACT) v. 4.1 (30 August 2019) was used to generate a list
of microlichens from the ACT (Suppl. file 1a). Numerous
specimens collected from the ACT are available from
CANB (5,819 specimens, including 56 types), and from
other Australian herbaria. Species with foliose, fruticose
and dimorphic (foliose and fruticose) thalli were
removed from the 521 listed lichen species in the ACT. A
total of 254 species and infraspecific taxa with crustose
to squamulose thalli (and sometime small foliose) were
selected (Suppl. file 1b). After updating the list with new
records and species, synonymies, re-identifications,
and new combinations (Suppl. file 1¢), the list included
246 taxa. Specimens of these 246 taxa were searched
for in the CANB herbarium, and 99% of those were
represented by at least one specimen in CANB. When
available and large and recent enough for DNA work
(in this case, collected after 1960), specimens from the
ACT or NSW were chosen in priority over specimens
from other Australian states and territories or overseas
material. Twelve taxa could not be sampled, either
because of the lack of specimens or available specimens
were unsuitable (Suppl. file 1d). For the remaining 234
taxa, suitable specimens could be found in CANB (Suppl.
file 2). A total of 394 CANB specimens representing
these 234 taxa (including some multiple collections of
the same taxon) were digitised using an Aptus Leaf Il 12
camera and the Capture One software.

DNA extraction, amplification and sequencing

Specimens were sampled under a stereomicroscope
using either (1) sterile tweezers or (2) clean razor
blades and weighing paper. The ITS sequences were
generated using two different approaches. Most
samples were sequenced with a long-read amplicon
approach, as described in Gueidan and Li (2022). In
short, lichen material was ground using Lysing Matrix
A tubes (MP Biomedicals) and a Precellys tissue lyser
(Bertin Instruments) and the DNA extracted with the
Invisorb DNA Plant HTS 96 kits (Stratec Molecular). A
two-step amplification was then conducted, first using
the ITS1F (Gardes & Bruns 1993) and ITS4 (White et
al. 1990) primers tailed with the PacBio M13 primers
(first step of amplification), then using the PacBio M13
primers with unique index combinations (second step
of amplification). The PCR products were cleaned,
normalised and pooled, then sent for sequencing to
Macrogen (Seoul, Korea), where a SMRTbell 1-2Kb
amplicon library was prepared. One SMART cell of a
Sequel | (V3) platform (Pacific Biosciences) was used
to sequence the pooled sample, which included other
PCR products from this study for a total of 548 samples.
ITS sequences were obtained for additional specimens
using a phenol-chloroform DNA extraction modified
from Zolan and Pukkila (1986), as described in Gueidan
et al. (2007). The ITS barcode was amplified using ITS1F
and ITS4 primers and sequences were generated
using Sanger sequencing at Macrogen, as described in
Gueidan and Elix (2022).

ITS sequence editing and sequence database
building

Sanger sequences were assembled and edited using
Sequencher v. 54.6 (Gene Codes Corporation). For
PacBio sequences, a BAM file of Circular Consensus
Sequences (CCSs) was provided by Macrogen. The
data was demultiplexed using the lima command in
SMRT Tools v. 7.0.1 (Pacific Biosciences). The files were
then converted to FATSQ files using BAMTools v. 2.5.1
(Barnett et al. 2011). CCSs were denoised using DADA2
v. 1.14 (Callahan et al. 2016) as described in Gueidan and
Li (2022). Resulting sequence variants were converted to
FASTA files using BAMTools and each file subjected to a
blastn query using BLAST+ v. 2.12.0 (Altschul et al. 1990;
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Camacho et al. 2009) against the NCBI nt database using
amax_target_seqs of 3. For samples for which sequence
variants were generated for the target species, only the
main sequence variant was included in the database. For
samples for which no sequence variants were generated
for the target species, CCSs were converted to FASTA
and subjected to the same blastn query to identify
target CCSs. For these samples, all available target and
non-chimeric CCSs were used as entries in the sequence
database. All available sequences were added to a
FASTA file. The sequence database was built using the
makeblastdb command using BLAST+ v. 2.13.0.

Testing the molecular identification of
BushBlitz microlichen specimens

To test the utility of this preliminary version of the ACT
microlichen sequence database, eleven herbarium
accessions representing 27 unidentified individuals of
microlichens collected during the 2018 ACT BushBlitz
expedition were used here (Table 1).
with a broader sampling of a total of 140 BushBlitz
microlichen specimens, they were digitised, sampled,
extracted and sequenced using the PacBio amplicon
protocol as described above. For the digitisation, as
several specimens comprised multiple individuals (ie,

Together

multiple species occurring on the one fragment of
substrate), generated specimen images were edited
with Photoshop (Adobe) to indicate the sampled areas
(Fig. 1). For these selected test specimens, resulting
sequence variants were then subjected to two blastn
searches with BLAST+ v. 2.13.0, one using the NCBI nt
database, the other our created custom ACT microlichen
database. Sequence identity matches superior to
95% were then compared to potential morphological
identification of their respective specimens. Leica
stereo- and compound microscopes and chemistry spot
test were used to confirm the match between morpho-
chemical and molecular identifications.

Results

Out of the 394 specimens used to generate ITS
sequences for the custom ACT microlichen database,
sequence data were obtained for 375 specimens. Among
these, generated sequences of 151 samples could be
unambiguously matched to their corresponding target

taxon because their BLAST result matched the target
species or genus with 80% similarity or more (Suppl.
file 2). These sequences were used to create the first
version of the database. For all others, additional work
will be required to identify if the unmatching generated
sequences were the result of mis-identification, mis-
sampling,
cross-contaminations. Combined with data available
from GenBank and data generated using Sanger
sequencing, the first version of the database includes
347 sequences, representing 151 specimens from
99 microlichen species found in the ACT. The ACT
microlichen ITS sequence database v.1 is available at
https://doi.org/10.25919/qzaq-4182 [CSIRO Data Access
Portal]. Additionally, ITS sequences will be deposited in
GenBank once confirmed by more detailed and group-
focused molecular taxonomic studies, as carried out in
Gueidan & Elix (2022).

This sequence database was used in parallel to
the NCBI nt database to identify specimens collected
during the 2018 ACT BushBlitz expedition. The results
for eleven accessions are presented in Table 1. For each
of these accessions, one to several lichen individuals

unclear species boundaries or sample

were sampled, for a total of 27 samples. For 15 of these
samples, the blast results matched the lichen samples
found in the accession (ie, morphological identifications
confirmed molecular identifications). For four samples,
the blast results likely matched the sample but, due to
the small size of the thallus or the absence of fruiting
bodies, the morphological identification could not
fully confirm the molecular identification. For four
samples, the molecular identification did not match the
morphological identification (the species identified with
molecular data could not be found on the accession).
For all other samples (4), the blast result was below 95%
identity and therefore unlikely to represent a usable
match.

Discussion

Here, we used lichen herbarium specimens kept at
CANB to generate ITS sequences for microlichens
from the ACT. In order to reduce cost and effort, we
processed samples in batches of 96 samples and
used multiplexing for sequencing. Although material
availability was not an issue (ie, most ACT microlichen
species had usable specimens in CANB), mostly thanks
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Figure 1. Annotated photograph of the 2018 ACT BushBlitz specimen CANB910317, showing the four sampled lichen
thalli. The areas sampled for DNA extractions were encircled and labelled. The presence of three species of Trapelia
(a. T atrocarpa; b. T. concentrica; d. T. placodioides) was confirmed by molecular and morphological data. The presence of
a species of Verrucariaceae was suggested by both molecular and morphological data, but with no close species match.
Scale bar=1cm.

to the legacy collections of ACT-based lichenologists,
other challenges were met, which are discussed below.

First, reliability in the available herbarium material
is critical for building reference sequences. Although
most used CANB specimens were accurately identified,
some appeared to be mis-identified and led to
unmatching molecular results. More importantly, in
addition to mis-identification, is the issue of unclear
species boundaries. For Australian lichens, most species
boundaries are based on morpho-chemical data, with
no molecular data available for confirming, for example,
if a Northern hemisphere species indeed occurs in
Australia or if this taxon should be described as new
Australian-endemic species. Similarly, molecular data
is critical to draw attention to morphologically similar
but phylogenetically divergent species (convergent
species), or species with particularly wide infraspecific
variability. As a result, unless a lichen group has
already been revised using both morpho-chemical and

molecular data, the direct use of herbarium specimens
to generate ITS sequences that reliably and accurately
represent species is not realistic. Morpho-chemical and
molecular revisions focussing on particular genera,
subgenera or group of species, such as the one recently
done on Trapelia (Gueidan & Elix 2022), will have to be
done in parallel to specimen mass parallel sequencing,
to clarify, or at least start clarifying, species boundaries.
This will be a significant endeavour, which will require
time and taxonomic expertise.

Second, reliability in the laboratory processes to
generate the data is also critical to building reference
sequences. Here, to reduce cost and time, a mass
parallel/multiplexing sequencing approach was used,
allowing to process large numbers of samples at once.
This approach started with the sampling of material
from a large number of herbarium specimens, a
tedious process involving the removal of material from
the substrate with a tweezer or a razor blade under
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a stereomicroscope. As microlichens often co-occur
with other species on the same fragment of substrate,
and some of these species are morphologically very
similar, mis-sampling has also been the cause of mis-
matching ITS sequences in this study. Additionally, even
if the correct lichen thallus is sampled, if any material
of neighbouring species is accidentally sampled and
then preferentially amplified, sequencing can result in
mis-matching sequences. To make things more difficult,
lichen thalli harbor a high diversity of associated fungi,
which will also be sequenced in the same process.
For lichens, these are major issues which have to be
added to the more common issues of sample cross-
contamination (contamination between wells during
the amplification steps) and index cross-talk (index mis-
assignment after mass parallel sequencing). As a result,
the generation of ITS sequences for lichens is not a
straightforward process and will necessitate significant
efforts of manual curation of the data. This manual
data curation will make the application of automated
laboratory and bioinformatic pipelines particularly
challenging for this group of organisms.

As for the molecular identification of specimens
using the generated reference sequence database, the
same issues apply. Resulting sequences include at best
the sequence of the target taxon, but also sequences
of neighbouring species, associated lichen-inhabiting
fungi, and possible cross-contaminants. It is therefore
again not a straightforward process and will require
input from a taxonomic expert. Fully automated
molecular identification processes will therefore be
difficult to apply at this stage. The reliability of molecular
identifications will also depend on solid morpho-
chemical and molecular revisions of Australian lichen
taxa. These revisions will require time and taxonomic
expertise, but once species concepts are clarified,
reference sequence databases are a powerful tool to
accelerate and confirm species identifications. This
was demonstrated here by the higher BLAST identity
percentages obtained with our ACT microlichen custom
sequence database as compared to the percentages
obtained with the current NCBI nt database. It was
also evident for the recently revised Australian Trapelia
species (Gueidan & Elix 2022): all unidentified Trapelia
material collected during the 2018 ACT BushBlitz
expedition were correctly identified to the species level

thanks to their ITS sequences and our newly generated
sequence database for ACT microlichens.

Whether carried out in the field or in the laboratory,
species identifications using molecular sequences is
a powerful tool to the study of taxonomy, ecology
and biodiversity, especially for organisms with limited
diagnosticfeatures.lthoweverreliesonthe development
of high-quality reference sequence databases. Although
generating these references from collection specimens
may be a straightforward process for some organisms, it
has some challenges for lichens, mostly due to unclear
species concepts, but also to other issues such as mis-
identification, mis-sampling and cross-contamination.
As a result, initial molecular taxonomic revisions of
Australian material from all the main lichen genera
will be necessary before mass parallel sequencing of
herbarium specimens can be used to generate reliable
reference sequence databases.

Acknowledgements

The authors would like to thank the 2018 ACT
BushBlitz organisers, Giselle Cruzado-Melendez and
the digitisation group (NCMI, CSIRO) for their help with
imaging and Judith Curnow and Chris Cargill (CANB) for
their help with CANB herbarium material. This work was
funded by BushBlitz Taxonomy Research grant to CG.

References

Altschul, S.F, Gish, W., Miller, W., Myers, EW. and Lipman, D.J.
(1990). Basic local alignment search tool. Journal of Molecular
Biology 215, 403-410. doi: 10.1016/50022-2836(05)80360-2

Archer, AW. and Elix, JA. (1999). Three new species in
the Australian Graphidaceae with novel chemistries:
Phaeographina echinocarpica, Phaeographis necopinata,
Phaeographis nornotatica. Mycotaxon 72, 91-96.

Barcenas-Pena, A., Diaz, R., Grewe, F., Widhelm, T. and Lumbsch,
H.T. (2021). Contributions to the phylogeny of Lepraria
(Stereocaulaceae) species from the Southern Hemisphere,
including three new species. The Bryologist 124, 494-505.
doi: 10.1639/0007-2745-124.4.494

Barnett, D.W., Garrison, E.K. Quinlan, AR, Stromberg, M.P.
and Marth, G.T. (2011). BamTools: a C++ API and toolkit for
analyzing and managing BAM files. Bioinformatics 27, 1691-
1692. doi: 10.1093/bioinformatics/btr174

Callahan, B.J., McMurdie, PJ., Rosen, M.J., Han, A.W., Johnson,
AJA. and Holmes, S.P. (2016). DADA2: high-resolution
sample inference from lllumina amplicon data. Nature
Methods 13, 581-583. doi: 10.1038/nmeth.3869

Camacho, C,, Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J.,
Bealer, K. and Madden, T.L. (2009). BLAST+: architecture and
applications. BMC Bioinformatics 10, 421. doi: 10.1186/1471-
2105-10-421

Muelleria



Gueidan, Li and Robinson

Crespo, A. Ferencova, Z, Pérez-Ortega, S. Elix, JA.
and Divakar, PK. (2010). Austroparmelina, a new
Australian lineage in parmelioid lichens (Parmeliaceae,
Ascomycota). Systematics and Biodiversity 8, 209-221. doi:
10.1080/14772001003738320

Crous, PW.,, Giraldo, A., Hawksworth, D.L, Robert, V. Kirk,
PM., Guarro, J., Robbertse, B, Schoch, CL, Damm, U,
Trakunyingcharoen, T. and Groenwald, J.Z. (2014). The
Genera of Fungi: fixing the application of type species
of generic names. IMA Fungus 5, 141-160. doi: 10.5598/
imafungus.2014.05.01.14

Elix, J.A. (2009). The chemical diversity of Pseudocyphellaria gilva
(lichenized Ascomycota). Australasian Lichenology 64, 38-40.

Elix, J.A, Corush, J. and Lumbsch, H.T. (2009). Triterpene
chemosyndromes and subtle morphological characters
characterise lineages in the Physcia aipolia group in Australia
(Ascomycota). Systematics and Biodiversity 7, 479-487. doi:
10.1017/S1477200009990223

Elix, JA, Kantvilas, G. and McCarthy, PM. (2017). Thirteen
new species and a key to buellioid lichens (Caliciaceae,
Ascomycota) in Australia. Australasian Lichenology 81, 26-67.

Elix, J.A. and McCarthy, PM. (2018). Ten new lichen species
(Ascomycota) from Australia. Australasian Lichenology 82,
20-59.

Gardes, M. and Bruns, T.D. (1993). ITS primers with enhanced
specificity for Basidiomycetes: application to the
identification of mycorrhizae and rusts. Molecular Ecology 2,
113-118.doi: 10.1111/j.1365-294x.1993.tb00005.x

Gueidan, C.and Elix, J.A. (2022). Synonymy in species of Trapelia
(lichenized Ascomycota, Trapeliaceae) from Australia.
Australasian Lichenology 91, 22-37.

Gueidan, C,, Elix, J.A,, McCarthy, PM., Roux, C., Mallen-Cooper,
M. and Kantvilas, G. (2019). PacBio amplicon sequencing
for metabarcoding of mixed DNA samples from lichen
herbarium specimens. MycoKeys 53, 73-91. doi: 10.3897/
mycokeys.53.34761

Gueidan, C. and Li, L. (2022). A long-read amplicon approach
to scaling up the metabarcoding of lichen herbarium
specimens. MycoKeys 86, 195-212. doi: 10.3897/
mycokeys.86.77431

Gueidan, C., Roux, C. and Lutzoni, F. (2007). Using a multigene
phylogenetic analysis to assess generic delineation and
character evolution in Verrucariaceae (Verrucariales,
Ascomycota). Mycological Research 111, 1145-1168. doi:
10.1016/j.mycres.2007.08.010

Kistenich, S., Halvorsen, R., Schrgder-Nielsen, A., Thorbek, L.,
Timdal, E., Bendiksby, M. (2019). DNA sequencing historical
lichen specimens. Frontiers in Ecology and Evolution 7, 5. doi:
10.3389/fev0.2019.00005

Kéljalg, U., Nilsson, R.H., Abarenkov, K. Tedersoo, L., Taylor,
A.F, Bahram, M., Bates, S.T., Bruns, T.D., Bengtsson-Palme,
J,, Callaghan, T.M.,, Douglas, B., Drenkhan, T., Eberhardt, U.,
Duenas, M., Grebenc, T, Griffith, G.W., Hartmann, M., Kirk,
PM., Kohout, P, Larsson, E., Lindahl, B.D., Liicking, R., Martin,
M.P, Matheny, PB., Nguyen, N.H., Niskanen, T., Oja, J., Peay,
K.G., Peintner, U,, Peterson, M., P6ldmaa, K., Saag, L., Saar, |.,
SchiBler, A., Scott, J.A., Senés, C., Smith, M.E,, Suija, A., Taylor,
D.L, Telleria, M.T., Weiss, M. and Larsson, K.H. (2013). Towards
a unified paradigm for sequence-based identification

of fungi. Molecular Ecology 22, 5271-5277. doi: 10.1111/
mec.12481

Leavitt, S.D., Kirika, PM., Amo De Paz, G., Huang, J.-P, Hur, J.-S.,
Elix, J.A., Grewe, F, Divakar, PK. and Lumbsch, H.T. (2018).
Assessing phylogeny and historical biogeography of the
largest genus of lichen-forming fungi, Xanthoparmelia
(Parmeliaceae, Ascomycota). The Lichenologist 50, 299-312.
doi: 10.1017/50024282918000233

Lumbsch, H.T,, Parnmen, S., Rangsiruji, A. and Elix, J.A. (2010).
Phenotypic disparity and adaptive radiation in the genus
Cladia (Lecanorales, Ascomycota). Australian Systematic
Botany 23, 239-247. doi: 10.1071/SB10010

McCarthy, PM. (2012). The lichen genus Verrucaria in Australia.
Australian Biological Resources Study, Canberra. <http://
www.anbg.gov.au/abrs/lichenlist/000_Verrucaria.html>.
Accessed 20 Dec. 2012.

McCarthy, PM. (2020). Checklist of the Lichens of Australia
and its Island Territories. Australian Biological Resources
Study, Canberra. <http://www.anbg.gov.au/abrs/lichenlist/
introduction.html>. Accessed 1 Mar. 2020.

McCarthy, PM. and Elix, J.A. (2016). Five new lichen species
(Ascomycota) from south-eastern Australia. Telopea 19, 137-
151. doi: 10.7751/telopeal0732

McCarthy, PM. and Elix, J.A. (2020). Three new species of
Sarcogyne (Acarosporaceae) from the Australian Capital
Territory. Australasian Lichenology 86, 74-86.

McCarthy, PM. and Elix, J.A. (2021). An outline of some lichen
communities on consolidated, siliceous soils in south-
eastern Australia. Australasian Lichenology 88, 27-33.

McCarthy, PM,, Elix, J.A. and Kantvilas, G. (2020). New species
and new records of the lichen genus Rhizocarpon from
Tasmania, with a key to the Australian taxa. Australasian
Lichenology 86, 36-61.

Nilsson, R.H., Taylor, A.F.S., Adams, R.l, Baschien, C., Bengtsson-
Palme, J,, Cangren, P, Coleine, C., Daniel, H-M., Glassman,
S.l, Hirooka, Y., Irinyi, L., Ir3énaite, R., Martin-Sanchez, PM.,
Meyer, W., Oh, S-Y., Sampaio, J.P, Seifert, KA., SklenarX,
F, Stubbe, D. Suh, S-O., Summerbell, R, Svantesson, S.,
Unterseher, M., Visagie, C.M., Weiss, M., Woudenberg, J.H.C,
Wurzbacher, C,, Van den Wyngaert, S., Yilmaz, N., Yurkov, A.,
Kéljalg, U. and Abarenkov, K. (2018). Taxonomic annotation
of public fungal ITS sequences from the built environment
- a report from an April 10-11, 2017 workshop (Aberdeen,
UK). MycoKeys 28, 65-82. doi: 10.3897/mycokeys.28.20887

O'Leary, N.A., Wright, M.\W., Brister, J.R, Ciufo, S., Haddad,
D., McVeigh, R, Rajput, B., Robbertse, B., Smith-White, B.,
Ako-Adjei, D., Astashyn, A., Badretdin, A., Bao, Y., Blinkova,
O., Brover, V., Chetvernin, V., Choi, J.,, Cox, E., Ermolaeva,
0., Farrell, CM.,, Goldfarb, T, Gupta, T, Haft, D., Hatcher,
E., Hlavina, W, Joardar, V.S, Kodali, V.K, Li, W., Maglott, D.,
Masterson, P, McGarvey, KM., Murphy, MR, O'Neill, K,
Pujar, S., Rangwala, S.H., Rausch, D., Riddick, L.D., Schoch, C,,
Shkeda, A, Storz, S.S., Sun, H., Thibaud-Nissen, F, Tolstoy, .,
Tully, R.E., Vatsan, A.R., Wallin, C., Webb, D., Wu, W., Landrum,
M.J., Kimchi, A,, Tatusova, T., DiCuccio, M., Kitts, P, Murphy,
T.D. and Pruitt, K.D. (2015). Reference sequence (RefSeq)
database at NCBI: current status, taxonomic expansion, and
functional annotation. Nucleic Acids Research 44, 733-745.
doi: 10.1093/nar/gkv1189

Vol 41



Developing a reference sequence database using mass parallel sequencing and lichen herbarium specimens

Orock, E.A,, Leavitt, S.D., Fonge, B.A,, St Clair, L.L. and Lumbsch
H.T. (2012). DNA-based identification of lichen-forming
fungi: can publicly available sequence databases aid in
lichen diversity inventories of Mount Cameroon (West
Africa)? The Lichenologist 44, 833-839. doi: 10.1017/
50024282912000424

Redchenko, O., Vondrak, J. and Kosnar, J. (2012). The oldest
sequenced fungal herbarium sample. The Lichenologist 44,
715-718.doi: 10.1017/5002428291200031X

Schoch, CL., Seifert, KA., Huhndorf, C., Robert, V., Spouge,
J.L, Levesque, C.A, Chen, W, and the Fungal Barcoding
Consortium (2012). Nuclear ribosomal internal transcribed
spacer (ITS) region as a universal DNA barcode marker for
Fungi. Proceedings of the National Academy of Sciences USA
109, 6241-6246. doi: 10.1073/pnas.1117018109

Schoch, C.L., Robbertse, B., Robert, V., Vu, D., Cardinali, G., Irinyi,
L., Meyer, W,, Nilsson, R.H., Hughes, K., Miller, A.N., Kirk, PM.,
Abarenkov, K., Aime, M.C,, Ariyawansa, H.A., Bidartondo, M.,
Boekhout, T., Buyck, B., Cai, Q, Chen, J., Crespo, A., Crous,
PW., Damm, U., De Beer, Z.W., Dentinger, B.T.M., Divakar, PK.,
Duenas, M., Feau, N., Fliegerova, K., Garcia, M.A,, Ge, Z-W.,
Griffith, G.W., Groenewald, J.Z., Groenewald, M., Grube, M.,
Gryzenhout, M., Gueidan, C., Guo, L, Hambleton, S., Hamelin,
R, Hansen, K., Hofstetter, V., Hong, S-B., Houbraken, J,
Hyde, K.D., Inderbitzin, P, Johnston, PR., Karunarathna, S.C,,
Kéljalg, U., Kovacs, G.M., Kraichak, E., Krizsan, K., Kurtzman,
C.P, Larsson, K-H., Leavitt, S, Letcher, PM,, Liimatainen,
K., Liu, J-K, Lodge, DJ., Luangsa-Ard, J.J., Lumbsch, H.T,
Maharachchikumbura, S.S.N., Manamgoda, D. Martin,
M.P, Minnis, A.M., Moncalvo, J-M., Mulé, G., Nakasone, KK.,
Niskanen, T, Olariaga, I, Papp, T., Petkovits, T., Pino-Bodas,
R., Powell, M.J,, Raja, H.A., Redecker, D., Sarmiento-Ramirez,
J.M,, Seifert, KA., Shrestha, B., Stenroos, S., Stielow, B., Suh,
S-0., Tanaka, K., Tedersoo, L., Telleria, M.T., Udayanga, D.,
Untereiner, W.A., Uribeondo, J.D., Subbarao, K.V., Vagvolgyi,
C., Visagie, C., Voigt, K., Walker, D.M., Weir, B.S., Weil3, M.,
Wijayawardene, N.N., Wingfield, M.J.,, Xu, JPYang, ZL.,
Zhang, N., Zhuang, W-Y. and Federhen, S. (2014). Finding
needles in haystacks: linking scientific names, reference
specimens and molecular data for Fungi. Database 2014,
1-21. doi: 10.1093/database/bau061

Sohrabi, M., Myllys, L. and Stenroos, S. (2010). Successful DNA
sequencing of a 75 year-old herbarium specimen of Aspicilia
aschabadensis (). Steiner) Meresch. The Lichenologist 42,
626-628. doi: 10.1017/50024282910000344

White, T.J., Bruns, T, Lee, S. and Taylor, J.W. (1990). Amplification
and direct sequencing of fungal ribosomal RNA genes
for phylogenetics, in M.A. Innis, D.H. Gelfand, J.J. Sninsky
and T.J. White (eds), PCR Protocols: A guide to methods and
applications, pp. 315-322. Academic Press: New York.

Yahr, R., Schoch, C. and Dentinger, BT.M. (2016). Scaling up
discovery of hidden diversity in fungi: impacts of barcoding
approaches. Philosophical Transactions of the Royal Society B
371, 20150336. doi: 10.1098/rstb.2015.0336

Zolan, M.E. and Pukkila, PJ. (1986). Inheritance of DNA
methylation in Coprinus cinereus. Molecular and Cellular
Biology 6, 195-200. doi: 10.1128/mcb.6.1.195

Supplementary file 1. Lichenised fungal species and
infraspecific taxa from the ACT, as listed in the Census of
Plants of the Australian Capital Territory v. 4.1 (30 August
2019). There are four worksheet tabs:

a. list of all species as published in v. 4.1;

b. list of all ACT microlichen species;

c. list of all ACT microlichen species after name update;

d. list of ACT microlichen species for which specimens were
available in CANB.

Supplementary file 2. List of specimens used to generate
ITS sequences for the ACT microlichen ITS sequence
database, with voucher information.

Supplementary files 1 and 2 are appended to the online
listing of this paper, accessible via:
https://www.rbg.vic.gov.au/science/journal/

Muelleria



