Received: 9 August 2021

Revised: 9 December 2021

W) Check for updates

Accepted: 23 December 2021

DOI: 10.1002/yea.3689

RESEARCH ARTICLE

Yeast wiLey

The search for Schizosaccharomyces fission yeasts in
environmental metatranscriptomes

Rasha Shraim'%3 |

1The SFI Centre for Research Training in
Genomics Data Sciences, National University
of Ireland Galway, Galway, Republic of Ireland

2Department of Public Health and Primary
Care, School of Medicine, Trinity College
Dublin, Dublin, Republic of Ireland

SDivision of Evolutionary Biology, Faculty of
Biology, Ludwig-Maximilians-Universitat
Miinchen, Munich, Germany

Correspondence

Bart P. S. Nieuwenhuis, Division of
Evolutionary Biology, Faculty of Biology,
Ludwig-Maximilians-Universitidt Miinchen,
Munich, Germany.

Email: nieuwenhuis@biologie.uni-muenchen.de

1 | INTRODUCTION

Bart P. S. Nieuwenhuis®

Abstract

Fission yeast is an important model organism in evolutionary genetics and cell biology
research. Nevertheless, most research is limited to a single laboratory strain and
knowledge of its natural occurrence is limited, which reduces our understanding of
its life history and hinders isolation of new strains from nature. Understanding the
natural diversity of fission yeast can provide insight into its genetic and phenotypic
diversity and the evolutionary processes that shaped these. Here, we aimed to iden-
tify candidate natural habitats of fission yeasts by searching through a large collection
of publicly available environmental metatranscriptomic datasets. Using a custom
pipeline, we processed over 13,000 NCBI SRA accessions, from a wide range of
34 different environmental categories. Overall, we found a very low abundance of
putative yeast transcripts, with most fission yeast signatures coming from the catego-
ries of ‘food’ and ‘terrestrial arthropods’. Additionally, a signal could be found in a
variety of marine and fresh aquatic habitats. Our results do not provide a conclusive
answer on the natural habitat of fission yeasts, but our analysis further narrows the

range of locations where fission yeasts naturally occur.

Take Aways

e We analysed published environmental metatranscriptomes from the NCBI SRA.
e We created a pipeline to select for Schizosaccharomyces reads.

¢ We identified candidate natural environments for Schizosaccharomyces spp.
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from may not necessarily correspond to its growth habitat. To answer

the question ‘what lives where?’, studies analysing the spatial distri-

While microorganisms make up most of the Earth's biodiversity, the
biogeographical patterns of their distribution can often be elusive
(Monard et al., 2016). Many produce long-surviving spores that can
spread across large distances through air or water or be dispersed by
animals (Monard et al., 2016) to germinate and grow where the envi-
ronment allows them (Becking, 1934). Given such expansive distribu-

tion patterns, the environment where a microorganism is isolated

bution of microorganisms, at first using culturing methods, later using
phylogenetically informative genetic markers (Fuhrman, 2009) could
thus perform taxonomic profiling (location and abundance of species).
This was later extended to functional profiling, which required knowl-
edge of the physiological activity of species (Franzosa et al., 2018).
Transcriptomic activity can be used as a proxy for physiological activ-

ity and might better reflect the functional niche of a species than its
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mere occurrence based on genetic markers (Schneider et al., 2021;
Shakya et al., 2019). In the last decade, transcriptomic meta-
community research has given important insights into the occurrence,
abundance and interactions of microorganisms in their local communi-
ties (Westermann & Vogel, 2021).

Even in highly studied model organisms, the knowledge of the
species' natural habitat is not always available, potentially due to their
low abundance in nature, or due to under-sampling of specific habi-
tats. Obtaining knowledge of ‘where lives what?’, what being the
organism of interest, is essential to better understand its physiology
and molecular genetics. Here, we study the natural occurrence of the
model fission yeast species Schizosaccharomyces pombe and three
related species in the Schizosaccharomyces genus.

S. pombe, commonly known as fission yeast, is an important uni-
cellular model organism for eukaryote biology, especially cell biology
(Jeffares, 2018; Yanagida, 2002). It has been used in studying cell
cycle control, transcription, translation and mating systems among
other topics (Hoffman et al., 2015). S. pombe was discovered over a
century ago and has been a part of biological research since the sec-
ond half of the 20th century. It was first isolated from East African
millet beer (Lindner, 1893). Urs Leupold, considered the main scientist
to establish S. pombe as a model organism, used a single strain isolated
from grape juice in Switzerland (Osterwalder, 1924). Three of its mat-
ing type-variant strains have been the basis for most genetic fission
yeast studies since (Fantes & Hoffman, 2016; Leupold, 1949). These
near-isogenic reference lab strains have made S. pombe a convenient
and powerful genetically tractable model due to the consistency in
the data produced by the different labs studying it (Fantes &
Hoffman, 2016).

There are two sides to the motivation of searching for
populations of fission yeast in their natural environments. First,
knowledge of the natural diversity of an organism as well as access to
varied strains can further our understanding of its genetics and
expressed traits. Second, discovering the natural environment of fis-
sion yeast may elucidate its evolution in terms of its interaction with
this environment.

In fission yeast, the wild type and its many derived mutant strains
enable straightforward experimental designs and interpretations
(Decottignies et al., 2003); however, this approach is limited by the
specificity of each mutation in a single genetic background. While the
benefits of working with a single strain are evident, understanding its
natural diversity can provide valuable insight into genetic and pheno-
typic diversity, heritability and other evolutionary processes (Jeffares
et al, 2015; Parts, 2014). One example comes from baker's yeast
where genetic studies of diverse Saccharomyces cerevisiae strains hel-
ped explain the natural phenotypic variation observed in its oenologi-
cal or beer-brewing traits (Gallone et al., 2016; Salinas et al., 2012).
Another comparative genomics study between natural yeast strains
(S. cerevisiae and Saccharomyces paradoxus) provided insight into the
genomic and functional variation underlying their natural diversity and
possible evolutionary differences between the two species
(Bergstrom et al., 2014). In fission yeast, natural diversity has

expanded our knowledge of evolutionary, genetic and phenotypic

aspects of the species (Jeffares, 2018). For example, extending
research to include other natural isolates has led to the discovery of
meiotic drive mechanisms (Zanders et al., 2014), the identification of
gene annotations (Hu et al., 2015) and structural variation in the
nuclear (Rhind et al., 2011; Tusso et al., 2019) and mitochondrial (Tao
et al,, 2019) genome.

Understanding the natural environment of fission yeast may pro-
vide valuable insight into its evolution and speciation. It is well
established that an organism's genotype and its environment interact
and that this interaction affects the expressed phenotype. Environ-
mental fluctuations can influence the plasticity of quantitative traits
(Via & Lande, 1985). The environment can also dictate the effective
population size (Melbinger & Vergassola, 2015). Therefore, identifying
the natural non-anthropogenic environments of fission yeast may elu-
cidate their evolutionary history and their current genetic and pheno-
typic features. One relevant example is the bacteria Bacillus, which
had been assumed to be a soil bacterium (Hong et al., 2009). The
establishment of the gastrointestinal (Gl) tract as one of its true habi-
tats clarified features like endospore-formation and protein encasing
and resolved observations conflicting with the soil-environment
assumption such as its inability to sporulate below 15°C (Hong
et al., 2009). Knowledge of the natural environment of fission yeast
will inform us on the natural temperature of this environment and
thus to which temperatures most physiological processes the species
is adapted, a factor of relevance for enzymatic dynamics (Pluskal
et al., 2009), but also, for example, meiotic crossover rates (Hyppa
et al., 2014). From the growth medium, we can deduce the number of
asexual cell cycles that are possible before resources run out, giving
information about the number of asexual versus sexual cycles in
nature which is mostly unknown (Farlow et al., 2015; Hernandez
et al., 2021). The density in such a habitat will inform us of intraspe-
cific competition and the need for haploid selfing or the potential for
outcrossing (Herndndez et al, 2021; Leupold, 1949; Nieuwenhuis
etal., 2018).

Therefore, to fully utilize S. pombe as a model organism, knowl-
edge of its natural growth environment is needed. Information on its
natural diversity and habitat alongside existing biological research will
lead to a more holistic appreciation of this organism that may expand
its current potential or give rise to new research questions.

In the past few decades, systematical attempts have been made
to find and collect natural strains with varying levels of success (A.
Benito et al., 2018, from honey; Gomes et al., 2002, from cachaca;
Hellberg, 2013, from environmental substrates). Most strains have
been incidentally discovered in microbiology studies of high-sugar
products or natural fermentations such as wine, rum, honey and
kombucha (see Jeffares, 2018, for detailed list). However, despite
being globally distributed, S. pombe's natural origin and dispersal pat-
terns remain largely unknown (Jeffares, 2018; Tusso et al., 2019). So
far, these strains have almost exclusively been found as human com-
mensals (Jeffares, 2018). It is therefore tempting to describe this spe-
cies as a human-associated  specialist; however, the
Schizosaccharomyces clade arose long before primates, approximately

220 million years ago (Rhind et al., 2011). The most closely related
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species in the clade, Schizosaccharomyces cryophilus and
Schizosaccharomyces octosporus, split approximately 119 mya from
S. pombe (see fig. S3 in Rhind et al., 2011). All of the species in this
genus have very similar growth forms and nutritional requirements
(Hayles & Nurse, 2018), suggesting that their natural niche must have
existed equally long, and it is thus probable that fission yeasts have
natural growth habitats that are not human associated.

The aim of this research, then, was to search for genetic signa-
tures of the four Schizosaccharomyces species and identify their natu-
ral biotopes. We explored published metatranscriptomic data in order
to identify candidate growth habitats using a bioinformatic pipeline
that combines several published tools. Given that where a microor-
ganism is isolated may not correspond to its growth habitat,
metatranscriptomes were chosen over metagenomes to select for
environments in which Schizosaccharomyces spp. are more likely to be
transcriptionally active. We utilized a wealth of publicly available bio-
logical data that is worth ‘reusing’ and exploring further (Pasquetto
et al.,, 2017; Stephens et al., 2015). We selected projects across differ-
ent environments that have been sampled and sequenced to search

for signatures of fission yeasts in as many places as possible.

2 | METHODS

The strategy used for the analysis of the available datasets with short
read data from environmental samples is outlined in Figure 1 and
described in detail below. Briefly, FASTQ files were downloaded from
ENA, checked for encoding, filtered and mapped with BBSplit
followed by verification using BLAST. The rationale behind this strat-
egy was to use low processing power and rapidly reduce file size and
to use BLAST—a slow but precise algorithm—only on likely candidate
reads. Scripts are available at https://github.com/rshraim/

schizosaccharomyces.

21 | Data

Metatranscriptomic metadata was downloaded from NCBI SRA using
the query (metatranscriptomic[Source]) AND (illumina[Platform]). The
resulting accession list was downloaded in the format of Runinfo,
which was then additionally filtered to remove accessions using the
criteria: LibrarySelection = ‘PCR’ or LibraryStrategy = ‘AMPLICON’
in order to filter out metagenomic (i.e.,, not metatranscriptomic)
data. Additionally,
‘human|gut|Human|sapiens|virus|viral|bacterium|archaeon|bacter|arc-

accessions with ScientificName =
haea|Bacter’ were removed (see below for argumentation). In total,
13,286 accessions from 3473 BioProjects were processed with a
median of 2.74 x 10° and mean of 8.86 x 10’ for the number of
reads. A perl script by Michael Gerth was used to download data from
the European Nucleotide Archive (Leinonen et al, 2011), using
SRR/ERR/DRR accessions numbers as FASTQ files with ascp from
Aspera (aspera/3.7.2; sra_download.pl, Gerth, 2018). A full list of
accessions and BioProjects used is given in Table S1. The BioProjects

were assigned to 34 different groups representing a variety of envi-
ronments (air, algae, aquatic, aquatic animal, arthropod, bird, compost,
coral, food, fungus, gut, human, hydrocarbon, indoor, industrial, leaf,
leaf litter, lichen, mammal, marine, marine animal, marine sediment,
micro-organism, mineral, plant, root/rhizosphere, seagrass, sediment,
soil, subsurface, synthetic, vertebrates, waste, worm) based on the
description of the ‘ScientificName’ as assigned in SRA. All projects
with positive hits for fission yeast (described below) were finally—
when possible—manually curated by verification of the original
publication—either using the metadata submitted to SRA or from the

BioProject or accession numbers if mentioned in the manuscripts.

2.2 | Processing

Before filtering the data, Phred encoding was checked using the script
testformat.sh from the BBMap package (bbmap/37.28; Bushnell). This
is necessary since most downstream tools default to ASCII 33 Phred
encoding (also known as Sanger) and must be specified otherwise.
FASTQ files with ASCIlI 64 encoding (also known as lllumina) were
reformatted to Sanger encoding with the reformat.sh script from the
BBMap package. Following this, adapter sequences were trimmed
(llumina TruSeq, Nextera and RNA PCR primer adapters) and reads
shorter than 50 bp were discarded using BBDuk (bbmap/37.28;
Bushnell). Irrespective of paired-end or single-end sequencing strat-

egy, reads were treated as single-end reads without merging.

23 | Mapping

To rapidly find true positive reads and discard all other reads including
those from related species, we used the four known fission yeast spe-
cies from the Schizosaccharomyces genus, as well as a variety of other
fungal species. Reference genomes from the four available
Schizosaccharomyces species (S. pombe, S. octosporus, S. cryophilus and
Schizosaccharomyces japonicus) as well as those from Protomyces
lactucaedebilis, Ustilago maydis and S. cerevisiae, representing a tap-
hrinomycete, basidiomycete and saccharomycete (see Table S2 for
reference's accession numbers). To reduce false positives in the form
of ambiguous reads mapping to the Schizosaccharomyces genomes,
the Schizosaccharomyces genomes were masked for interspersed
repeats and low complexity DNA sequences using RepeatMasker,
which utilizes RepBase as a repeat reference database (rep-
eatmasker/4.0.7; Bao et al., 2015).

BBSplit (bbmap/37.28; Bushnell, 2014) was then used to map
against two artificial references: (1) the masked Schizosaccharomyces
genomes and (2) the unmasked genomes from the three other fungi.
These genomes are similar enough to the Schizosaccharomyces species
that most ambiguous reads, repeats or ribosomal RNA (rRNA) should
map preferentially to this reference, without discarding true
Schizosaccharomyces reads. The resulting FASTQ files of
Schizosaccharomyces-mapped reads were converted to FASTA format

using reformat.sh from the BBMap package (Bushnell, 2014). These
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(a) Analysis pipeline: Reads were downloaded from the ENA by SRA accessions. Encoding was checked and, if lllumina (ASCII 64),

converted to Sanger (ASCII 33). Reads were then trimmed for adapter sequences and any reads shorter than 50 bp were discarded. Trimmed
reads were mapped with BBSplit against two references, X and Y (X: the masked Schizosaccharomyces species and Y: unmasked Protomyces
lactucaedebilis, Ustilago maydis and Saccharomyces cerevisiae genomes). Reads that were mapped to the X reference were then aligned with BLAST
against a fungal database and the top BLAST hits of Schizosaccharomyces were analysed and visualized in R. (b) Range of processed SRA
accessions: Reads from the SRA were grouped into 23 groups according to the environment or organism sequenced (see Section 2). For each
organism or environment, the size of the circle indicates the number of different ‘ScientificName’ identifiers obtained from NCBI SRA metadata
(e.g., ‘Apis mellifera’ or ‘salt marsh’). The total number of reads per group ranged from 5.4 x 10° to 6.06 x 10° and the number of unique
‘ScientificName’ identifiers grouped together ranged from 1 to 58. A detailed list of the grouping is available in Table S1 [Colour figure can be

viewed at wileyonlinelibrary.com]
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were then BLAST aligned against a fungal database containing the fol-
lowing reference genomes chosen as representative species from the
major groups in the Fungi kingdom: P. lactucaedebilis, Protomyces
inouyei, U. maydis, S. cerevisiae, Rhodotorula toruloides, Agaricus
bisporus, Neurospora crassa, Pneumocystis jirovecii, Taphrina deformans,
Rhizopus microsporus as well as the masked Schizosaccharomyces spp.
(Table S2) genomes. Reads were aligned using blastn with an identity
cut-off of 95% (blast/2.6.0+). From the BLAST output, we filtered the
top hit based on the proportion of the input read length aligned to the
reference, with ties broken successively by highest percent identity
and lowest E-value. Due to the high number of hits at rRNA which
has high conservation, we performed a second BLAST query using a
larger set of over 500 species for which full fungal genomes are avail-
able that were downloaded from Ensembl Fungi (full list of fungi
accessions in Table S2). For abundance visualization, reads that
mapped to multiple positions in the same species genome were coun-
ted only once. Reads that mapped to multiple species were counted
once for each species. Downstream analysis and visualization were

performed in R.

24 | Analyses

To validate this pipeline, a positive control approach was used. Artifi-
cial FASTQ files were created with 0.01%, 0.1%, 1% and 5% of the
reads being S. pombe RNA-seq reads and the rest environmental
metatranscriptomic reads. Reads were merged from an S. pombe tran-
scription study (SRR7291883) and a randomly chosen meta-
transcriptome sample from the accession list used in this research
(SRR3745342; 6,356,979 reads). The different percentage level FAS-
TQs were run through the outlined pipeline, and the results were plot-
ted with the same parameters (identity > 98% and cover > 0.9; cover
calculated as length of the read found in reference).

The numbers of BLAST hits per Schizosaccharomyces species per
sampled environment were summarized in R for all of the batches.
Only hits with identity match higher than 98% and cover higher than
0.9 were counted. Based on the SRA information table, the processed
accessions belonged to more than 150 unique organisms/
environments (listed under ‘ScientificName’). Given that many of
these were duplicates or closely related environments (e.g., several
species of bees or different marine habitats), environments were
grouped by their common name for visualization (Table S1). The hits
were further assigned a category of position in the well annotated
S. pombe genome, using a gff file downloaded from PomBase (Lock
et al., 2018). With the IRanges v2.20.2 in R (Lawrence et al., 2013), the
BLAST hit start and end coordinates were compared against the CDS
start and end coordinates from the GFF files that were imported using
ape v5.5 (Paradis & Schliep, 2019). With hits that fell within CDS
ranges, the percentage of CDS hits was calculated. We also deter-
mined the top five transcripts that hits fell within. Hit counts per tran-
script were normalized by transcript length. To confirm reads were

most likely transcriptomic and not derived from genomic sources, we

further analysed if reads were located at transcribed regions (rRNA,

ncRNA and exons) or in intronic regions.

3 | RESULTS

We studied the occurrence of fission yeast genetic signatures in large
volumes of publicly available transcriptomic data using a relatively low
computation intensive method as described in Figure 1. To validate
our pipeline, we processed artificial metatranscriptome files with vary-
ing percentages (0.01%, 0.1%, 1% and 5%) of S. pombe RNA-seq reads
to a marine metatranscriptome file (approximately 600, 6300, 64,000
and 334,000 reads, respectively). This dummy dataset was run
through the pipeline using the same cut-off of 98% identity and 0.9
cover (i.e., mapped proportion of read length) to classify hits. On aver-
age, over 93% of the added S. pombe reads were recovered and
mapped to Schizosaccharomyces spp. (Figure 2). Of those, over 99.5%
were correctly classified as S. pombe while <0.5% were classified as
other Schizosaccharomyces species (Figure 2a). No reads from the
marine metagenome were classified as Schizosaccharomyces reads
after filtering. These results suggest a good efficiency and low false
positive rate is to be expected with these thresholds using actual data.

In total, 13,286 accessions were processed, for a total of 14,631
FASTQ files (about 6.5 thousand accessions were paired files but
were processed as single-end files). Some accessions were discarded
either due to a failure in downloading from the ENA or due to an error
in evaluating or converting the Phred score encoding. In total, the first
BLAST  step

Schizosaccharomyces spp. hits that mapped to the masked fission yeast

resulted in  approximately  43.5  million
genomes of which after filtering by >98% identity and >90% cover,
approximately 3.9 million Schizosaccharomyces hits remained (in 1.35
million unique reads). We found no association in the variation of raw
read counts per accession with the number of positive hits found in
different environments (Kendrall's rank correlation tau 0.03057;
z = 1.3954; p = 0.163). Considering that the total number of reads in
all accessions and in all accessions with hits is 20.8 x 10%° and
4.4 x 10, respectively, suggests a very low presence of fission
yeasts in the environments assessed. Due to the low number of hits,
we were able to manually curate the results.

The reads that were obtained from the initial BBMap step should
have a higher similarity with the Schizosaccharomyces species than our
group of 10 ‘other’ fungi (see Section 2). BLAST of these hits against
a set of >500 full unmasked fungal genomes confirmed the higher
similarity to Schizosaccharomyces for the majority (67%) of the reads.
Nevertheless, approximately 32% of the reads had a higher similarity
to other fungi, and 0.8% of the reads had equal values for coverage,
e-value and identity between Schizosaccharomyces and the other fun-
gal species (Figure 2b). Ambiguous reads were found in a variety of
environments at low frequencies and in few accessions (Figure 2c).
These reads mostly mapped to rRNA regions in S. pombe (see also
below). All ambiguous reads as well as those with higher similarity to

other fungi were discarded for further analyses.
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(a) Artificial metatranscriptome files with varying percentages of Schizosaccharomyces pombe RNA-seq reads were run through the

pipeline. A random sample of reads was added to a marine metagenome file (approximately 334,000, 64,000, 6300 and 600 reads of S. pombe to
6.4 million metagenome reads). Respectively, 92%, 93%, 93% and 96% of the added S. pombe reads were recovered. Of those, over 99.5% were
classified as S. pombe while <0.5% were classified as other Schizosaccharomyces species. (b) Venn diagram of number of reads that map only to
Schizosaccharomyces (n = 1,345,554), only to other fungi in the BLAST query database (n = 650,248) or to both categories (n = 16,133). (c) The
number of NCBI accessions (x-axis) and the number of reads (given by point size) only mapping to Schizosaccharomyces or only mapping to other
fungi categories. The groups in the box show the distribution per environmental groups (see Section 2 for grouping) in the overlapping reads from

(b) [Colour figure can be viewed at wileyonlinelibrary.com]

Hits of Schizosaccharomyces spp. were found in 20 of the 34 dif-
ferent environmental groups (Figure 3). We will discuss the potential
for the different environments to harbour fission yeast and what are
likely to be true hits or contaminates. We will (i) describe the projects
with the highest number of hits, (ii) how the reads are distributed over
the genome (Figure 4) and (iii) the environments with the most consis-
tent results.

When normalized by total number of reads in each group, the
‘fungi’ group had the highest number of positive hits. The majority of
the reads (approximately 75%) in the ‘fungi’ group were from the
BioProject PRINA666900, co-cultures of Fibrobacter sp. UWB7 with
Anaeromyces robustus or Caecomyces churrovis, followed by
PRINA654076 (~12%) and PRINA654077 (~10%), both co-cultures
of Ophiostoma piceae and Pseudomonas putida. The description on
SRA suggests clean cultivated samples, where no fission yeasts would
be expected; unfortunately, publications associated with these Bio-

Projects could not be found. In the next group, ‘soil’, 99% of the reads

came from the BioProject PRINA621679, which surveyed soil micro-
bial communities from a watershed in Colorado, USA. Similarly, over
99% of the reads from the ‘trees/plants’ group were from the Bio-
Projects PRINA572120, PRINA571995 and PRJNA572130, which all
surveyed switchgrass phyllosphere microbial communities in Michi-
gan, USA (Howe et al., 2021).

All hits in the aforementioned projects, as well as the three ‘co-
culture’ projects, exclusively mapped to the rRNA region of the mito-
chondrial DNA (Figure S1) which suggests that these might be derived
from an alternative, possibly bacterial, source. S. pombe's genome has
many signatures of horizontal gene transfer from bacteria, of which
many occurred before the radiation of the Schizosaccharomyces clade
(Rhind et al., 2011). Investigations of sequences of these regions of
the full NCBI blast database (accessed July 2021) did not yield further
insights. Even though the vast majority of hits (96%) across accessions
fell in rRNA genes, of which 98% specifically within the mitochondrial
rRNA region, there were additionally hits at other locations, which did
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FIGURE 3 The proportion of accessions (a) or BioProjects (b) with positive Schizosaccharomyces spp. hits per environmental group. The total
number of NCBI accessions (in a) or BioProjects these accessions are derived from (in b) is shown in parentheses next to each group. Note that
different axes for the figures [Colour figure can be viewed at wileyonlinelibrary.com]

not greatly affect the BioProjects with mapping reads (Table 1). We
assume that accessions with BLAST hits exclusively in the mitochon-
dria are likely not derived from fission yeast. The remaining 4% of hits
are localized to loci all over the genome. The assignment of >99.7% of
the reads to transcribed regions with only 104 reads in introns from a
total of 45,256 reads (conservative estimate that excludes the rRNA
hits; Table 2) further suggests that the hits observed deviate from
expected proportion of intronic reads (p < 0.001; y? goodness-of-fit
test assuming 3% intronic regions; Wood et al., 2002) and are thus
unlikely to be due to genomic contamination during sample handling.
Additionally, the total number of reads per gene for all genes with hits
is correlated with experimental abundance of expression data for
S. pombe (both in vegetative growth and under G1 arrest) as would be
expected for these genes (p < 0.001; linear regression assuming
Poisson distribution with log-log transformation of the gene-length-
corrected counts and ‘MM.mRNA.cpc’ or ‘MN.mRNA.cpc’ from table
S4 from Marguerat et al., 2012; Figure S2). This correlation is
maintained when removing hits to rRNA, which are extreme outliers.
A few accessions show consistent coverage over the entirety of
the S. pombe genome (Figures 4 and S1), specifically one accession
from BioProjects PRJNA510232 (yak Bos taurus testes),
PRINA678138 (marine sponge sample) and PRJEB29369 (bacterial
marine sample). Based on the descriptions, the first of these samples

are likely a contaminant either during library preparation or during
sequencing. We discuss the marine samples further in the discussion.

When considering the proportion of accessions and BioProjects
with fission yeast hits, few signals can be observed. The strongest sig-
nals of presence based on BioProject number and environment were
in food, human, arthropods and a variety of harsh environments
(Figure 3b,c). Food shows the strongest signal in the proportions of
accessions and BioProjects. Human accessions were all almost exclu-
sively from a single BioProject (vaginal metatranscriptomes). The
arthropods (a category containing terrestrial animals such as mites,
insects and spiders) had a rather high number of hits per BioProject,
but not by proportion of accessions.

4 | DISCUSSION

Schizosaccharomyces yeasts are scientifically and economically impor-
tant microorganisms with little understood patterns of biogeographi-
cal origins and distribution (Hoffman et al., 2015; Jeffares, 2018; Tao
et al., 2019; Tusso et al., 2019; Yanagida, 2002) and the location spec-
imen have been isolated from are human-associated environments,
such as beer and wine (A. Benito et al., 2018; Jeffares, 2018). How-

ever, these environments may not correspond to their natural growth
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habitats. Here, we rigorously combed through a large number of publi-
shed metatranscriptomic datasets using a simple bioinformatic pipe-
line, in search of signatures of the Schizosaccharomyces yeasts to
identify their natural biotopes. We found a remarkably low number of
reads that map to fission yeasts in our datasets. Across the approxi-
mately 14,000 accessions analysed, we found signatures of fission
yeasts in a variety of environments including soils, food and marine
environments and in association with a variety of organisms, including
arachnids and insects.

Finding signals of fission yeast in 50% of the food BioProjects and
15% of the accessions, an environment where fission yeast is known
to live (Jeffares, 2018), suggests that the pipeline functions could be
able to pick up signals of fission yeast in environmental meta-
transcriptomic datasets, also confirming the sensitivity we observed
with our dummy datasets. Because S. pombe is a model species, we
were cautious that hits could be contaminations at laboratories or
sequencing facilities. Even though some samples show signs of con-
tamination (e.g., the yak testes samples), the homogeneous mapping
pattern helps distinguish these from low abundance true hits. Addi-
tionally, the correlation of read abundance with published expression
data and the low number of intronic reads suggest minimal contami-
nation from genomic samples. Of the environments tested, those that
contain putative fission yeast reads show a very low abundance of
hits, and most hits (96%) are in the mitochondrial or nuclear rRNA

genes which, due to conservation, are not unambiguous (Liu
et al., 2012). Our results are therefore not clear-cut and should be
considered more as indications for future research on the natural hab-
itats of fission yeast.

Similar to the food category, the arthropod group of BioProjects
also fits in with previous findings. Many reads were found associated
with Apis mellifera, the most common honeybee, specifically from
RNA sequencing of the worker and royal jelly (Maori et al., 2019). This
is in line with previous research that identified honey as an environ-
ment where fission yeast can be isolated from (S. Benito et al., 2013;
Jeffares, 2018). Additionally reads were associated with fruit fly, ant,
mosquito and tick. The recent isolation of the fission yeast S. japonicus
from Drosophila further strengthens the association of fission yeasts
to insects (Seike et al., 2021), either as vectors between food
resources or potentially as host.

Surprisingly, the Schizosaccharomyces spp. were also consistently
found in a variety of harsh environments. A large proportion being
aquatic environments or in association with aquatic animals (sponge,
oyster and whales), both in marine, riverine, lake and freshwater
(50 BioProjects in total) but also in soil and at deeper ‘subsurface’
locations. Because these types of environments are highly overrepre-
sented in our dataset, the proportion of accessions and BioProjects is
low, but they may be real signals. Signatures of Schizosaccharomycetes

have been found in metagenomic surveys of marine environments in
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TABLE 1  Total number of BioProjects per group with reads
mapping to the fission yeast genome for all reads (middle column) and
when all mitochondrial and genomic rRNA reads are filtered out

# of BioProjects

Group name All reads Without rRNA
aquatic 19 30

arthropod 6 6

coral 1 1

food 5 5

fungus 2 6

human 2 2

industrial 1 1

lichen 1 1

mammal 5 5

marine 18 18

marine animal 2 2
micro-organism 8 11

plant 5 5
root/rhizosphere 4 11

soil 6 14

subsurface 1 1

synthetic 1 1

waste 8 23

worm 1 1

TABLE 2 Number of reads mapped to the Schizosaccharomyces
pombe genome for the top six features

Feature type Counts
rRNA 1,725,827
mRNA 42,412
ncRNA 2440
3'UTR 1899
5 UTR 1119
Intron 104
Other 3213

the past (e.g., Porites astreoides coral from the Caribbean Sea in
Wegley et al., 2007, and Avicennia marina mangroves from the Red
Sea in Simdes et al., 2015). These observations are remarkable, as fis-
sion yeast is not known to be especially salt tolerant (e.g., Yang
et al., 2018).

Even though S. pombe, S. japonicus and S. octosporus were present
in a variety of trees, forest, leaf, soil and rhizosphere
metatranscriptomes, these were a low proportion of the total sur-
veyed accessions. No signs were found in the overrepresented leaf
and leaf litter categories, which suggests that the Schizosaccharomyces
yeasts are probably not forest-associated fungi, contrasting to

S. paradoxus which is thought to have oak as natural habitat

(Kowallik & Greig, 2016). S. cryophilus was only notably present in the
food, waste and aquatic metatranscriptomes. The species was first
discovered as a contaminant of an S. octosporus sample and has rarely
been used in research (Helston et al, 2010). Interestingly, even
though S. cryophilus and S. octosporus diverged most recently, are
most closely related and share 85% orthologue identity on average
(Rhind et al., 2011), reads rarely map to both simultaneously. In gen-
eral, S. cryophilus has many fewer hits compared to the other species
and is likely less abundant in the environment to start with. It will be
interesting to see how the recently described fifth species in the
genus, Schizosaccharomyces osmophilus (Brysch-Herzberg et al., 2019)
for which currently no genome is available, will fit into these findings.

To search for fission yeast and candidate habitats, we analysed
publicly available metatranscriptomic data from a variety of studies.
Using a large compilation of publicly available datasets presents some
logistical challenges. The data presented here were selected based on
the available metadata in the NCBI SRA and downloaded from the
ENA, but some discrepancy in the metadata and FASTQ file links cau-
sed file downloads to fail and required manual formatting of URLs.
Additionally, missing or incorrect metadata required further individual
research for many accessions. For example, ‘metagenomic’ and ‘meta-
transcriptomic’ were often conflated; the scientific name of the
organism was unavailable or ambiguous (such as ‘metagenome’). The
omission of an associated publication in the metadata furthermore
made information on details about sampling, extraction and sequenc-
ing methods, or possible contamination identified by the primary
researchers inaccessible. Through thorough individual searches for
BioProject numbers using online search engines, we were able to
obtain a large number of missing manuscript information, but this was
not possible for all.

Targeted methods allow researchers to refine and tailor the data
collection to the research question of interest and circumvent many
of these issues. However, publicly available published biological data
are a growing resource worth exploring (Pasquetto et al., 2017,
Stephens et al., 2015). Nonetheless, in order to maximize the potential
of published data in answering new questions, proper annotation and
comprehensive metadata should be the standard. We urge
researchers submitting data to public databases to properly annotate
their data, mention BioProject numbers in their publications and asso-
ciate their publications in the online resource. See Bietz and
Lee (2009) for a broader discussion on collaboration and databases in
metagenomic research.

We presented a new approach to the search for the natural habi-
tat of Schizosaccharomyces yeasts, based on publicly available meta-
transcriptomic data. While using metatranscriptomic source data
makes it more likely to find actively growing yeast, metagenomic
Substituting

metatranscriptomes for metagenomes would allow us to survey many

approaches are much more widely used.

more environments (on NCBI SRA source ‘metagenomic’ returns
2,909,061 results compared to 46,818 ‘metatranscriptomic’ results
[01/08/2021]). Even though our method was able to pick up fission
yeast reads with high efficiency, our analysis of over 200 trillion reads

did not yield many positive hits, suggesting that fission yeasts occur at
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very low densities. Both sequencing methods were specifically
designed for low abundance species in metagenomic or transcriptomic
data (Castro et al., 2018; Pust & Tummler, 2021) as well as PCR-based
and intense sampling though culturing of isolates (S. Benito
et al., 2013; Hellberg, 2013) in the suggested environments might
yield a final say on where to find fission yeast. Our results give indica-
tions for future research in the search of the fission yeast habitat,
focussing on environments associated with insects, and potentially in

aquatic environments.
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