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Abstract: Airborne microbial communities directly impact the health of humans, animals, plants,
and receiving ecosystems. While airborne bacterial and fungal communities have been studied by
both cultivation-based methods and metabarcoding surveys targeting specific molecular markers,
fewer studies have used shotgun metagenomics to study the airborne mycobiome. We analyzed
the diversity and relative abundance of fungi in nine airborne metagenomes collected on clear days
(“background”) and during dust storms in the Eastern Mediterranean. The negative correlation
between the relative abundance of fungal reads and the concentrations of atmospheric particulate
matter having an aerodynamic diameter smaller than 10 µm (PM10) indicate that dust storms lower
the proportion of fungi in the airborne microbiome, possibly due to the lower relative abundance
of fungi in the dust storm source regions and/or more effective transport of bacteria by the dust.
Airborne fungal community composition was altered by the dust storms, particularly those originated
from Syria, which was enriched with xerophilic fungi. We reconstructed a high-quality fungal
metagenome-assembled genome (MAG) from the order Cladosporiales, which include fungi known
to adapt to environmental extremes commonly faced by airborne microbes. The negative correlation
between the relative abundance of Cladosporiales MAG and PM10 concentrations indicate that its
origin is dominated by local sources and likely includes the indoor environments found in the city.

Keywords: airborne fungi; dust storms; fungal diversity; metagenome; metagenome-assembled
genome; cladosporiales; aerobiome

1. Introduction

Bioaerosols, including cellular material and proteins, can constitute up to 25% of
the atmospheric aerosol and, upon deposition, can affect many environmental processes
in receiving ecosystems [1–4]. Bacteria, fungi, and viruses, including those pathogenic
to humans, plants, and animals, can be transported over long distances [5–8]. Airborne
microorganisms can act as ice nucleation surfaces for cloud formation and are predicted
to play an increasingly important role compared to mineral particles due to global warm-
ing [9,10].

The diversity of airborne bacteria and fungi have been investigated by both cultivation-
based methods and, more recently, metabarcoding surveys [11–15]. While these studies
have advanced our understanding of microbial communities present in the atmosphere,
it should be noted that both cultivation-based and metabarcoding surveys have inherent
biases. Cultivation-based methods are biased against microorganisms recalcitrant to culti-
vation, and metabarcoding surveys are biased by the selection of primers for polymerase
chain reactions (PCR). Shotgun metagenomics is a culture-independent method that does
not suffer from the same type of PCR bias as metabarcoding surveys that target specific
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molecular markers such as part of the ribosomal RNA (both small and large units) genes
and the internal transcribed spacers. Shotgun metagenomics has been broadly applied to
study aquatic and terrestrial systems, but the number of airborne metagenomics studies
remains small [16]. This is particularly true for the study of fungi in airborne communities
because they typically are outnumbered by bacteria [17] and therefore require high se-
quencing depth during shotgun metagenome sequencing [18,19]. Recent advances in bioin-
formatics are enabling the reconstruction of eukaryotic genomes from complex microbial
communities [20,21], but these methods have not been applied to airborne metagenomes.

Resulting from strong turbulent winds, dust storms can transport large quantities of
particulate matter from desert surfaces over thousands of kilometers [22]. Dust storms
frequently occur in the Eastern Mediterranean [23] and are known to transport high
loadings of mineral particulate matter and airborne microbes and impact local bacterial
communities [24–26]. Moreover, changes in the atmospheric microbiome linked with dust-
storms from different sources, sampled at a single location, were observed by Gat et al.
(2017), using 16S amplicon sequencing, yet no similar study was conducted for fungal taxa,
to the best of our knowledge. In this study, we investigated the fungal diversity in airborne
microbial communities in the Eastern Mediterranean and its response to dust storms.
Fungal community composition on clear days (“background”) and during dust storms was
determined by classifying and comparing shotgun metagenomic reads. Additionally, we
reconstructed the first fungal metagenome-assembled genome from airborne metagenomes,
which belongs to the recently proposed order Cladosporiales.

2. Materials and Methods
2.1. Sample Collection

Sample collection details were published in a recent study [24]. Briefly, particulate
matter with an aerodynamic diameter smaller than 10 µm (PM10) was collected on pre-
baked quartz fiber filters on the roof of a four-story building in Rehovot, Israel (31.9070 N,
34.8102 E, 80 m above sea level). The filters were stored frozen in sterile aluminum foil until
nucleic acid isolation. The source of each sample was determined using the hybrid single-
particle Lagrangian integrated trajectory model (HYSPLIT) [27] and verified using remote
sensing images from the Giovanni online data system [28] (Supplementary Figure S1). The
aerosol concentrations of atmospheric PM10 were retrieved from the Israeli Ministry of
Environmental Protection database, Rehovot Air Monitoring station, situated ca. 1 km
from the sampling station (https://www.svivaaqm.net/ (accessed on 24 September 2021)).
All sampled events are listed in Supplementary Table S1.

2.2. DNA Extraction and Sequencing

The isolation of DNA from PM10 particles collected on filters has been described in
detail [24]. In short, the DNeasy PowerSoil Kit (QIAGEN, Germany) with some modifi-
cations was used to extract DNA. Due to low DNA yield, samples from similar source
aerosols and with similar PM10 concentrations were pooled (Supplementary Table S1), re-
sulting in three samples representing two major dust events originated in Syria (“Syria_d1
(Dust_6)”, “Syria_d2 (Dust_7)”, and “Syria_d3 (Dust_8)”) and two samples representing
aerosols from the Arabian Desert (“Arabia_d1 (Dust_9)” and “Arabia_d2 (Dust_10)”).
Three composite samples representing moderate dust events, one from the Sahara (“Dust
3, North Africa”) and two of mixed dust sources (“Dust 4 and 5”), were also extracted.
Additionally, a single composite sample (“Dust 2”) representing days with low PM10 con-
centrations (≤44 µg m−3, mean daily PM10 load in Israel [29]) was defined as background
non-dust storm conditions, similarly to Gat et al. [24]. For negative control, a blank filter
was processed along with all other samples. DNA quantity and quality was assessed
using High Sensitivity D1000 ScreenTape (Agilent Technologies, Santa Clara, CA, USA);
DNA quantities are provided in Table S1. Blank control showed no presence of DNA and
therefore was not further processed. Libraries for shotgun metagenome sequencing were
prepared with the Accel-NGS 1S Kit (Swift Biosciences, Ann Arbor, MI, USA) and size

https://www.svivaaqm.net/


J. Fungi 2021, 7, 802 3 of 14

selected (375–425 bp) using Pippin-prep (Sage Science, Beverly, MA, USA). A single lane
on a HiSeq2500 platform (Illumina, San Diego, CA, USA) was used to sequence the nine
samples with 2 × 250 cycles.

2.3. Analysis of Metagenomes

Raw reads were first filtered using the tool BBDuk Version 38.73 [30] with the options
“ktrim = r ordered minlen = 101 minlenfraction = 0.33 mink = 11 tbo tpe rcomp = f k =
23 ftm = 5”. Adapters were trimmed from the BBDuk-filtered reads using the tool Trimmo-
matic Version 0.39 [31] with the options “ILLUMINACLIP:$adapters:2:30:10 LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:150”. Paired reads after quality filtering
and adapter trimming were merged using the tool BBMerge Version 38.73 [30] with default
options. Merged reads were queried against the NCBI nr database using DIAMOND [32]
with an e-value threshold of 1 × 10−5. The resultant NCBI taxonomy ID was used to
assign taxonomy to each read. Given the rapidly evolving nature of fungal taxonomy in
the past decade [33,34], there is not a single “standard” classification scheme for the fungal
kingdom. Here we adopt the phylogenomics-based classification from the Fungal Tree of
Life [33]. The normalized fungal abundance for a given fungal taxon (f) was calculated as:

f =
N

D × G

where N is the number of reads classified to this fungal taxon, D is the total number of
reads from this sample (sequencing “depth”), and G is the average genome size of this
fungal taxon determined from Mycocosm [35]. The relative abundance of a given fungal
taxon in a sample (r) was calculated as:

r =
f

∑ f

where f is the normalized fungal abundance of this fungal taxon, and ∑ f is the sum of the
normalized fungal abundance of all fungal taxa in this sample.

2.4. Fungal Metagenome-Assembled Genome

Co-assembly of all nine metagenomes was performed with MEGAHIT (v1.2.9) [36]
using kmers 127, 137, 147, 157, 167, 177, 187, 197, 207, 217, and 227. Putative eukaryotic
contigs greater than 1500 bp in size were selected by the software EukRep [20]. Unsu-
pervised binning was performed with CONCOCT [37] and Metabat2 [38], which were
implemented by metaWRAP [39]. This resulted in five eukaryotic bins greater than 10 Mbp
in size. The completeness of these putative eukaryotic metagenome-assembled genomes
(MAGs) was estimated by benchmarking the number of universal single-copy orthologs
to those common to the fungal kingdom using the tool BUSCO v5.2.1 [40,41] archaeal,
bacterial, and viral orthologs with the option “–auto-lineage-euk”. One of the five MAGs
was greater than 50% in completeness and was used for downstream analysis. BUSCO
determined that the MAG belongs to the order Capnodiales under the fungal kingdom.
Quality-filtered reads from each metagenome library were mapped to the MAG using
BBMap [30] to determine its coverage in each metagenome.

The taxonomy of the fungal MAG was determined by placing it in a phylogenomic
tree including 45 Ascomycota genomes as references, most of which from the class Doth-
ideomycetes. All reference genomes were downloaded from NCBI GenBank or the Joint
Genome Institute Genome Portal. Single-copy orthologs common to the phylum As-
comycota were identified with the tool BUSCO v5.2.1 [40,41] archaeal, bacterial, and viral
orthologs. A total of 74 single-copy orthologs, which were found in at least 44 of the
46 genomes analyzed, were aligned by MUSCLE v3.8.31 [42], concatenated, and trimmed
by the tool trimAl v1.2 [43] with the option “-gt 0.9 -cons 60 -w 3”. Trimmed alignment
of the concatenated protein sequences were used to construct a phylogenomic tree with
FastTree v2.1.11 [44]. Visualization of the tree was performed in MEGA X [45].
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This fungal MAG was submitted to NCBI GenBank for contamination screening.
A total of 26 contigs identified by the NCBI as contaminants were removed. Gene pre-
diction and annotation was performed using the funannotate pipeline [46]. Specifically,
contigs were masked with the method TANTAN [47]. Structural annotation was performed
by Augustus [48], SNAP [49], and GlimmerHMM [50]. The best gene models were se-
lected by EVidenceModeler [51]. tRNAs were predicted with tRNAscan [52]. Functional
annotations of predicted genes were performed with Interproscan v5.51−85.0 [53] and
eggNOG-mapper [54,55]. CAZymes were predicted with dbCAN2 [56], and signal peptides
were predicted with SinalP 5.0 [57]. The fungal MAG can be accessed by NCBI BioProject
number PRJNA746316.

2.5. Statistical Analysis

To investigate the relationship between PM10 concentration and the relative abun-
dance of fungal reads, Spearman’s rank-order correlation coefficient (rho) and the associ-
ated p-value was calculated in R [58]. Non-metric multidimensional scaling (NMDS) was
performed using the fungal relative abundance data in R and visualized with the ggplot2
package [59]. To test the null hypothesis that the fungal community composition was not
affected by the origin of dust events, we performed analysis of similarities (ANOSIM) with
9999 free permutations.

3. Results

Of the nine metagenomes, approximately half (41–54% with an average of 48%) of
the reads that passed quality filtering returned a positive hit from DIAMOND queries
(Supplementary Figure S2). Bacteria dominated the reads classified by DIAMOND, while
fungi accounted for 0.6–18% of the classified reads (Figure 1). The relative abundance of
Viridiplantae was extremely low (<0.3%) in dust storm samples that originated from Syria
and Saudi Arabia but ranged from 1.7–5.9% in the other samples. The relative abundance
of Bacteria and Archaea was positively correlated with PM10 concentrations, whereas the
relative abundance of fungi, viruses, Viridiplantae, and Metazoa was negatively correlated
with PM10 concentrations (Figure 2).

Ascomycota was the dominant fungal phylum in all samples, accounting for 68–90%
of fungal reads (Figure 3 and Supplementary Table S2). Dothideomycetes was the most
abundant Ascomycota class, followed by Eurotiomycetes, Sordariomycetes, Leotiomycetes,
and Saccharomycetes (paired t-test two-tailed p-value < 0.05). The relative abundance of
the second most abundant fungal phylum, Basidiomycota, was lower in the dust samples
from the Sahara (“Dust 3, North Africa”) and of mixed dust sources (“Dust 4 and 5”) than
in samples originated from Syria (Figure 3, t-test two-tailed p-value < 0.05). Among the
basidiomycetous classes, the relative abundance of Ustilaginomycetes was the highest in
the mixed sample originated from North Africa, Sinai, and Jordan (“Dust 5”). The relative
abundance of Wallemiomycetes was particularly high in two samples from Syria (“Dust
7 and 8”) compared to the other samples (Supplementary Table S2). Across all samples,
Agaricomycetes, Wallemiomycetes, Tremellomycetes, and Ustilaginomycetes were the
abundant Basidiomycota classes. Many of the fungal classes are known spore-forming taxa.
Early-diverging fungi accounted for a small fraction of the total fungal community, and they
primarily consisted of Mucoromycotina and Microsporidia. Of the twenty most abundant
fungal taxa, there was a positive correlation between Saccharomycetes, Agaricomycetes,
Microsporidia, and Chytridiomycota and the PM10 concentrations (Table 1). The NMDS
ordination plot showed that fungal community composition was differentiated by the
origin of the aerosol samples (Figure 4), and the difference was statistically significant
(ANOSIM p-value = 0.035).
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The fungal MAG reconstructed from the nine metagenomes was 71.5% complete
(38.8% complete and single-copy BUSCOs, 32.7% complete and duplicated BUSCOs, 5.0%
fragmented BUSCOs, and 23.5% missing BUSCOs) as evaluated by the “capnodiales_odb10”
dataset, which includes 3578 single-copy genes [60] protist, bacterial, and viral genomes
for evolutionary and functional annotations of orthologs. The size of the fungal MAG
is 49.78 Mbp with 13,574 contigs, and the GC content is 53.34%. The maximum contig
length is 30.334 Kbp, and the N50 value is 3827 bp. The phylogenomic tree we constructed
indicates that the fungal MAG should belong to the recently proposed order Cladosporiales
(Figure 5) [61].
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Table 1. The Spearman’s rank-order correlation coefficient (rho) between PM10 and the relative
abundance of the 20 most abundant fungal classes (shown as average%). p-values smaller than 0.05
are highlighted with bold fonts.

Class Average% Rho p-Value

Dothideomycetes 49.91% −0.65 0.06656
Eurotiomycetes 16.78% 0.216667 0.5809
Sordariomycetes 8.55% 0.15 0.7081
Leotiomycetes 2.01% −0.36667 0.3363

Saccharomycetes 1.23% 0.733333 0.03112
Pezizomycetes 0.40% 0.383333 0.3125

Lecanoromycetes 0.31% 0.333333 0.3853
Orbiliomycetes 0.15% 0.233333 0.5517

Taphrinomycetes 0.11% −0.11667 0.7756
Xylonomycetes 0.10% −0.11667 0.7756
Agaricomycetes 5.78% 0.75 0.02549

Ustilaginomycetes 4.72% 0.15 0.7081
Wallemiomycetes 4.66% 0.5 0.1777
Tremellomycetes 2.12% 0.333333 0.3853

Exobasidiomycetes 0.56% −0.23333 0.5517
Microbotryomycetes 0.25% −0.61667 0.08573

Pucciniomycetes 0.14% 0.183333 0.6436
Microsporidia 0.69% 0.833333 0.008267

Mucoromycotina 0.62% 0.216667 0.5809
Chytridiomycota 0.18% 0.766667 0.02139J. Fungi 2021, 7, x FOR PEER REVIEW 8 of 15 
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The Cladosporiales MAG accounted for 0.1 to 2.6% of total reads in the metagenomic
libraries, and the percentage of reads that mapped to the Cladosporiales MAG correlated in-
versely with PM10 concentrations (Figure 6). The highest Cladosporiales MAG abundance
was found in the local background sample.
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4. Discussion

Our data indicate that fungi can constitute up to 18% of the microbial community in
the PM10 part of the air microbiome. This ratio is one to two orders of magnitude higher
than what has been reported for the water column of the open ocean, where fungal reads
were up to 0.2% of the total metagenomes [62]. This difference suggests that atmospheric
transport is a potential mechanism for fungal dispersal from land to sea, an idea that has
been suggested for bacterial dispersal [8,24], and is consistent with the positive correlation
between the relative abundance of bacterial/archaeal reads and PM10 concentrations in
this study (Figure 2). However, the negative correlation between the relative abundance
of fungal reads and PM10 concentrations we observe points to a “dilution” effect of dust
storms on the local airborne fungal community. The low relative abundance of fungal reads
during dust storms is potentially a result of low fungal abundance at the origin locations
of dust storms, assuming that prokaryotic cells and fungal spores are equally likely to be
transported. Similar negative correlations between the relative abundance of metagenomic
reads and PM10 concentrations were also observed for Viridiplantae and Metazoa, both
of which are expected to have a lower relative abundance in desert soils from where the
dust storms originated than in the local urban setting (Figure 2). Despite the classification
of approximately half of the reads that passed quality filter (Supplementary Figure S2),
we would like to point out that read-based metagenomic analysis is intrinsically limited
by the quality of the database used (in our case, the NCBI nr database). Additionally, the
metagenomic-based approach cannot determine the absolute abundance of microorgan-
isms, which can be estimated by traditional cultivation techniques [63]. Future studies can
incorporate methods that quantify the absolute abundance of the air microbiome such as
cell count analysis [64].

Non-metric multidimensional scaling (NMDS) analysis revealed that dust storms
not only reduced the relative abundance of fungi in the airborne microbial community
but also shifted fungal community composition (Figure 4). For example, dust storms
originated from Syria were enriched with Ustilaginomycetes (Figure 3), which include
many plant pathogens [65]. A similar observation for bacterial taxa was shown by Gat
et al. (2017), analyzing the bacterial taxonomy of the same two storms and showing that
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they differed in their bacterial community composition. In bacteria, it was observed that
dust storms increased the relative abundance of soil-associated bacteria, compared with
low PM10 conditions, which were characterized by anthropogenic-associated bacteria.
However, the change in fungal taxa suggests that one potential detrimental effect of dust
storms, in addition to public health concerns, is the elevated chance of inducing plant
disease through transported fungi. Dust storms originated from Syria resulted in the
highest PM10 concentrations and were particularly enriched with Wallemiomycetes, which
includes many known xerophilic fungi [66]. The ability of Wallemiomycetes to tolerate low
water conditions likely contributed to their high relative abundance in these strong dust
storm events. However, dust storms that originated from Saudi Arabia carry similar fungal
communities as the local background airborne fungal communities and hence are less likely
to alter the local airborne fungal community. Although there was considerable variability
in PM10 concentrations between the different days of the same dust storm originated in
Syria and Saudi Arabia (Supplementary Table S1), the fungal community sampled from
each day was relatively similar to each other (Figures 3 and 4). This suggests the ability of
dust storms to homogenize the aerial microbial community.

The reconstruction of a high-quality fungal metagenome-assembled genome (MAG)
was enabled by the depth of our metagenome sequencing, the relatively high percentage
of fungal reads, and the relatively high abundance of one lineage of fungi, which in this
case was Cladosporiales (Dothideomycetes). Cladosporiales was recently proposed to be
elevated from the Capnodiales family Cladosporiaceae based on the phylogenetic study of
four nuclear loci [61]: partial 28S large subunit RNA gene (LSU), internal transcribed spac-
ers and intervening 5.8S nuclear ribosomal DNA (ITS), partial translation elongation factor
1-alpha gene (TEF-1α), and partial RNA polymerase II second largest subunit gene (RPB2).
Phylogenomics analysis showed that the fungal MAG reconstructed in this study likely
belongs to the genus Cladosporium (Figure 5). Cladosporium is a common and diverse
group of hyphomycete ubiquitous in the environment [13,67,68]. They adapt to extreme
temperature and moisture conditions by developing conidia capable of rehydration and
germination within hours [61]. Hardiness appears to be a typical trait within Cladospori-
ales, as another Cladosporiales genus with sequenced genomes, Rachicladosporium, are
endolithic fungi found in Antarctica [69]. Therefore, the Cladosporiales MAG from this
study is likely adapted to the environmental extremes associated with airborne microbial
communities. The negative correlation between the percentage of reads mapping to the
Cladosporiales MAG and PM10 concentrations (Figure 6) suggests a local origin of the
fungi represented by the MAG. Since Cladosporium species are one of the most prevalent
lineages in indoor environments [70], indoor environments local to the city of Rehovot may
be a major source of airborne fungi, as well as other airborne microbes. It is also possible
that the negative correlation between the percentage of reads mapping to the Cladospo-
riales MAG and PM10 concentrations simply reflects the overall negative correlation we
observed between the relative abundance of fungal reads and PM10 concentrations.

5. Conclusions

We analyzed the diversity and relative abundance of fungi in nine airborne metagenomes
collected on clear days (“background”) and during dust storms. The negative correlation
between the relative abundance of fungal reads and PM10 concentrations indicate that
dust storms lower the proportion of fungi in the airborne microbiome, probably due to
the lower relative abundance of fungi in the dust storm sources and extensive transport of
bacteria by the dust. Airborne fungal community composition was altered by dust storms,
particularly those originated from Syria, which was enriched with xerophilic fungi. We
reconstructed a high-quality fungal metagenome-assembled genome (MAG) from the order
Cladosporiales, which include fungi known to adapt to environmental extremes commonly
faced by airborne microbes. The negative correlation between the relative abundance of
Cladosporiales MAG and PM10 concentrations indicate its origin, which likely includes
the indoor environments found in the city.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof7100802/s1, Figure S1. The back trajectories of each storm sample as obtained from the
hybrid single-particle Lagrangian integrated trajectory model. Each file is named by the date of
the back trajectory, which corresponds to the dates listed in Table S1. Figure S2: The percentage of
raw reads that did not pass quality filter (grey), passed quality filter but returned no result from
DIAMOND queries against the NCBI nr database (light blue), and passed quality filter and returned
results from DIAMOND queries (green). Table S1: Sample description of dust collected in Israel.
Samples Dust_2 to Dust_5 were created by pooling DNA from several sampling events. Table S2:
The relative abundance of fungal taxa in each sample.
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Karakuş, P.B.; et al. Links between airborne microbiome, meteorology, and chemical composition in northwestern Turkey.
Sci. Total Environ. 2020, 725, 138227. [CrossRef] [PubMed]

26. Oh, S.-Y.; Fong, J.J.; Park, M.S.; Chang, L.; Lim, Y.W. Identifying airborne fungi in Seoul, Korea using metagenomics. J. Microbiol.
2014, 52, 465–472. [CrossRef] [PubMed]

27. Stein, A.F.; Draxler, R.R.; Rolph, G.D.; Stunder, B.J.B.; Cohen, M.D.; Ngan, F. NOAA’s HYSPLIT Atmospheric Transport and
Dispersion Modeling System. Bull. Am. Meteorol. Soc. 2015, 96, 2059–2077. [CrossRef]

28. Acker, J.G.; Leptoukh, G. Online analysis enhances use of NASA Earth science data. Eos Trans. Am. Geophys. Union 2007, 88,
14–17. [CrossRef]

29. Krasnov, H.; Katra, I.; Friger, M. Increase in dust storm related PM10 concentrations: A time series analysis of 2001–2015. Environ.
Pollut. 2016, 213, 36–42. [CrossRef]

30. Bushnell, B. BBMap Short-Read Aligner, and other Bioinformatics Tools, 2015.
31. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.

[CrossRef]
32. Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59–60. [CrossRef]

[PubMed]
33. Spatafora, J.W.; Aime, M.C.; Grigoriev, I.V.; Martin, F.; Stajich, J.E.; Blackwell, M. The Fungal Tree of Life: From Molecular

Systematics to Genome-Scale Phylogenies. In The Fungal Kingdom; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2017; pp. 1–34.
34. Tedersoo, L.; Sánchez-Ramírez, S.; Kõljalg, U.; Bahram, M.; Döring, M.; Schigel, D.; May, T.; Ryberg, M.; Abarenkov, K. High-level

classification of the Fungi and a tool for evolutionary ecological analyses. Fungal Divers. 2018, 90, 135–159. [CrossRef]
35. Grigoriev, I.V.; Nikitin, R.; Haridas, S.; Kuo, A.; Ohm, R.; Otillar, R.; Riley, R.; Salamov, A.; Zhao, X.; Korzeniewski, F.; et al.

MycoCosm portal: Gearing up for 1000 fungal genomes. Nucleic Acids Res. 2014, 42, D699–D704. [CrossRef] [PubMed]
36. Li, D.; Liu, C.-M.; Luo, R.; Sadakane, K.; Lam, T.-W. MEGAHIT: An ultra-fast single-node solution for large and complex

metagenomics assembly via succinct de Bruijn graph. Bioinformatics 2015, 31, 1674–1676. [CrossRef] [PubMed]
37. Alneberg, J.; Bjarnason, B.S.; de Bruijn, I.; Schirmer, M.; Quick, J.; Ijaz, U.Z.; Lahti, L.; Loman, N.J.; Andersson, A.F.; Quince, C.

Binning metagenomic contigs by coverage and composition. Nat. Methods 2014, 11, 1144–1146. [CrossRef]
38. Kang, D.; Li, F.; Kirton, E.S.; Thomas, A.; Egan, R.S.; An, H.; Wang, Z. MetaBAT 2: An Adaptive Binning Algorithm for Robust

and Efficient Genome Reconstruction from Metagenome Assemblies. PeerJ 2019, 7, e7359. [CrossRef]
39. Uritskiy, G.V.; DiRuggiero, J.; Taylor, J. MetaWRAP—A flexible pipeline for genome-resolved metagenomic data analysis.

Microbiome 2018, 6, 158. [CrossRef]

http://doi.org/10.5194/bg-11-6067-2014
http://doi.org/10.1073/pnas.1420815112
http://www.ncbi.nlm.nih.gov/pubmed/25902536
http://doi.org/10.1038/s41467-017-00110-9
http://www.ncbi.nlm.nih.gov/pubmed/28779070
http://doi.org/10.3390/atmos10080440
http://doi.org/10.1093/gbe/evv064
http://www.ncbi.nlm.nih.gov/pubmed/25953766
http://doi.org/10.1016/j.scitotenv.2018.09.399
http://www.ncbi.nlm.nih.gov/pubmed/30463127
http://doi.org/10.1016/j.jes.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28115135
http://doi.org/10.1007/s00248-014-0517-z
http://www.ncbi.nlm.nih.gov/pubmed/25351142
http://doi.org/10.1101/gr.228429.117
http://www.ncbi.nlm.nih.gov/pubmed/29496730
http://doi.org/10.1038/s41564-020-00861-0
http://www.ncbi.nlm.nih.gov/pubmed/33526884
http://doi.org/10.1016/j.jenvman.2008.07.007
http://doi.org/10.1016/j.scitotenv.2020.136693
http://www.ncbi.nlm.nih.gov/pubmed/31978777
http://doi.org/10.1021/acs.est.7b00362
http://doi.org/10.1016/j.scitotenv.2020.138227
http://www.ncbi.nlm.nih.gov/pubmed/32302827
http://doi.org/10.1007/s12275-014-3550-1
http://www.ncbi.nlm.nih.gov/pubmed/24723107
http://doi.org/10.1175/BAMS-D-14-00110.1
http://doi.org/10.1029/2007EO020003
http://doi.org/10.1016/j.envpol.2015.10.021
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1038/nmeth.3176
http://www.ncbi.nlm.nih.gov/pubmed/25402007
http://doi.org/10.1007/s13225-018-0401-0
http://doi.org/10.1093/nar/gkt1183
http://www.ncbi.nlm.nih.gov/pubmed/24297253
http://doi.org/10.1093/bioinformatics/btv033
http://www.ncbi.nlm.nih.gov/pubmed/25609793
http://doi.org/10.1038/nmeth.3103
http://doi.org/10.7717/peerj.7359
http://doi.org/10.1186/s40168-018-0541-1


J. Fungi 2021, 7, 802 13 of 14

40. Simão, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: Assessing genome assembly and
annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210–3212. [CrossRef]

41. Zdobnov, E.M.; Tegenfeldt, F.; Kuznetsov, D.; Waterhouse, R.M.; Simão, F.A.; Ioannidis, P.; Seppey, M.; Loetscher, A.;
Kriventseva, E.V. OrthoDB v9.1: Cataloging evolutionary and functional annotations for animal, fungal, plant, archaeal, bacterial
and viral orthologs. Nucleic Acids Res. 2017, 45, D744–D749. [CrossRef]

42. Edgar, R.C. MUSCLE: A multiple sequence alignment method with reduced time and space complexity. BMC Bioinform. 2004, 5,
113. [CrossRef]

43. Capella-Gutiérrez, S.; Silla-Martínez, J.M.; Gabaldón, T. trimAl: A tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics 2009, 25, 1972–1973. [CrossRef] [PubMed]

44. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately Maximum-Likelihood Trees for Large Alignments. PLoS ONE
2010, 5, e9490. [CrossRef]

45. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

46. Palmer, J.M. Funannotate: A Fungal Genome Annotation and Comparative Genomics Pipeline, 2016.
47. Frith, M.C. A new repeat-masking method enables specific detection of homologous sequences. Nucleic Acids Res. 2011, 39, e23.

[CrossRef]
48. Stanke, M.; Diekhans, M.; Baertsch, R.; Haussler, D. Using native and syntenically mapped cDNA alignments to improve de novo

gene finding. Bioinformatics 2008, 24, 637–644. [CrossRef]
49. Korf, I. Gene finding in novel genomes. BMC Bioinform. 2004, 5, 59. [CrossRef] [PubMed]
50. Majoros, W.H.; Pertea, M.; Salzberg, S.L. TigrScan and GlimmerHMM: Two open source ab initio eukaryotic gene-finders.

Bioinformatics 2004, 20, 2878–2879. [CrossRef]
51. Haas, B.J.; Salzberg, S.L.; Zhu, W.; Pertea, M.; Allen, J.E.; Orvis, J.; White, O.; Buell, C.R.; Wortman, J.R. Automated eukaryotic

gene structure annotation using EVidenceModeler and the Program to Assemble Spliced Alignments. Genome Biol. 2008, 9, R7.
[CrossRef]

52. Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A Program for Improved Detection of Transfer RNA Genes in Genomic Sequence.
Nucleic Acids Res. 1997, 25, 955–964. [CrossRef] [PubMed]

53. Jones, P.; Binns, D.; Chang, H.-Y.; Fraser, M.; Li, W.; McAnulla, C.; McWilliam, H.; Maslen, J.; Mitchell, A.; Nuka, G.; et al.
InterProScan 5: Genome-scale protein function classification. Bioinformatics 2014, 30, 1236–1240. [CrossRef]

54. Huerta-Cepas, J.; Forslund, K.; Coelho, L.P.; Szklarczyk, D.; Jensen, L.J.; von Mering, C.; Bork, P. Fast Genome-Wide Functional
Annotation through Orthology Assignment by eggNOG-Mapper. Mol. Biol. Evol. 2017, 34, 2115–2122. [CrossRef] [PubMed]

55. Huerta-Cepas, J.; Szklarczyk, D.; Heller, D.; Hernández-Plaza, A.; Forslund, S.K.; Cook, H.; Mende, D.R.; Letunic, I.; Rattei, T.;
Jensen, L.J.; et al. eggNOG 5.0: A hierarchical, functionally and phylogenetically annotated orthology resource based on 5090
organisms and 2502 viruses. Nucleic Acids Res. 2019, 47, D309–D314. [CrossRef]

56. Zhang, H.; Yohe, T.; Huang, L.; Entwistle, S.; Wu, P.; Yang, Z.; Busk, P.K.; Xu, Y.; Yin, Y. dbCAN2: A meta server for automated
carbohydrate-active enzyme annotation. Nucleic Acids Res. 2018, 46, W95–W101. [CrossRef]

57. Almagro Armenteros, J.J.; Tsirigos, K.D.; Sønderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H.
SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 2019, 37, 420–423. [CrossRef]

58. Ihaka, R.; Gentleman, R. R: A Language for Data Analysis and Graphics. J. Comput. Graph. Stat. 1996, 5, 299–314. [CrossRef]
59. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
60. Kriventseva, E.V.; Kuznetsov, D.; Tegenfeldt, F.; Manni, M.; Dias, R.; Simão, F.A.; Zdobnov, E.M. OrthoDB v10: Sampling the

diversity of animal, plant, fungal, protist, bacterial and viral genomes for evolutionary and functional annotations of orthologs.
Nucleic Acids Res. 2019, 47, D807–D811. [CrossRef]

61. Abdollahzadeh, J.; Groenewald, J.Z.; Coetzee, M.P.A.; Wingfield, M.J.; Crous, P.W. Evolution of lifestyles in Capnodiales.
Stud. Mycol. 2020, 95, 381–414. [CrossRef]

62. Peng, X.; Valentine, D.L. Diversity and N2O Production Potential of Fungi in an Oceanic Oxygen Minimum Zone. J. Fungi 2021, 7,
218. [CrossRef]

63. Li, Y.; Fu, H.; Wang, W.; Liu, J.; Meng, Q.; Wang, W. Characteristics of bacterial and fungal aerosols during the autumn haze days
in Xi’an, China. Atmos. Environ. 2015, 122, 439–447. [CrossRef]

64. DeLeon-Rodriguez, N.; Lathem, T.L.; Rodriguez-R, L.M.; Barazesh, J.M.; Anderson, B.E.; Beyersdorf, A.J.; Ziemba, L.D.;
Bergin, M.; Nenes, A.; Konstantinidis, K.T. Microbiome of the upper troposphere: Species composition and prevalence, effects of
tropical storms, and atmospheric implications. Proc. Natl. Acad. Sci. USA 2013, 110, 2575–2580. [CrossRef] [PubMed]

65. Bauer, R.; Begerow, D.; Oberwinkler, E.; Piepenbring, M.; Berbee, M.L. Ustilaginomycetes. In Systematics and Evolution; McLaugh-
lin, D.J., McLaughlin, E.G., Lemke, P.A., Eds.; The Mycota; Springer: Berlin/Heidelberg, Germany, 2001; pp. 57–83.

66. Padamsee, M.; Kumar, T.K.A.; Riley, R.; Binder, M.; Boyd, A.; Calvo, A.M.; Furukawa, K.; Hesse, C.; Hohmann, S.; James, T.Y.; et al.
The genome of the xerotolerant mold Wallemia sebi reveals adaptations to osmotic stress and suggests cryptic sexual reproduction.
Fungal Genet. Biol. 2012, 49, 217–226. [CrossRef] [PubMed]

67. Shelton, B.G.; Kirkland, K.H.; Flanders, W.D.; Morris, G.K. Profiles of Airborne Fungi in Buildings and Outdoor Environments in
the United States. Appl. Environ. Microbiol. 2002, 68, 1743–1753. [CrossRef] [PubMed]

http://doi.org/10.1093/bioinformatics/btv351
http://doi.org/10.1093/nar/gkw1119
http://doi.org/10.1186/1471-2105-5-113
http://doi.org/10.1093/bioinformatics/btp348
http://www.ncbi.nlm.nih.gov/pubmed/19505945
http://doi.org/10.1371/journal.pone.0009490
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://doi.org/10.1093/nar/gkq1212
http://doi.org/10.1093/bioinformatics/btn013
http://doi.org/10.1186/1471-2105-5-59
http://www.ncbi.nlm.nih.gov/pubmed/15144565
http://doi.org/10.1093/bioinformatics/bth315
http://doi.org/10.1186/gb-2008-9-1-r7
http://doi.org/10.1093/nar/25.5.955
http://www.ncbi.nlm.nih.gov/pubmed/9023104
http://doi.org/10.1093/bioinformatics/btu031
http://doi.org/10.1093/molbev/msx148
http://www.ncbi.nlm.nih.gov/pubmed/28460117
http://doi.org/10.1093/nar/gky1085
http://doi.org/10.1093/nar/gky418
http://doi.org/10.1038/s41587-019-0036-z
http://doi.org/10.1080/10618600.1996.10474713
http://doi.org/10.1093/nar/gky1053
http://doi.org/10.1016/j.simyco.2020.02.004
http://doi.org/10.3390/jof7030218
http://doi.org/10.1016/j.atmosenv.2015.09.070
http://doi.org/10.1073/pnas.1212089110
http://www.ncbi.nlm.nih.gov/pubmed/23359712
http://doi.org/10.1016/j.fgb.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22326418
http://doi.org/10.1128/AEM.68.4.1743-1753.2002
http://www.ncbi.nlm.nih.gov/pubmed/11916692


J. Fungi 2021, 7, 802 14 of 14

68. Bensch, K.; Groenewald, J.Z.; Braun, U.; Dijksterhuis, J.; de Jesús Yáñez-Morales, M.; Crous, P.W. Common but different: The
expanding realm of Cladosporium. Stud. Mycol. 2015, 82, 23–74. [CrossRef] [PubMed]

69. Coleine, C.; Masonjones, S.; Selbmann, L.; Zucconi, L.; Onofri, S.; Pacelli, C.; Stajich, J.E. Draft Genome Sequences of the Antarctic
Endolithic Fungi Rachicladosporium antarcticum CCFEE 5527 and Rachicladosporium sp. CCFEE 5018. Genome Announc. 2017,
5. [CrossRef] [PubMed]

70. Bensch, K.; Groenewald, J.Z.; Meijer, M.; Dijksterhuis, J.; Jurjević, Ž.; Andersen, B.; Houbraken, J.; Crous, P.W.; Samson, R.A.
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