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Abstract

Fungal metabarcoding of substrates such as soil, wood, and water are uncovering an
unprecedented number of fungal species that do not seem to produce tangible morphological
structures and that defy our best attempts at cultivation, thus falling outside of the ambit of
the International Code of Nomenclature for algae, fungi, and plants. The present study uses
the new, ninth release of the species hypotheses of the UNITE database to show that species
discovery through environmental sequencing vastly outpaces traditional, Sanger sequencing-
based efforts in a strongly increasing trend over the last five years. Our findings challenge the
present stance of the mycological community — that “the code” works fine and that these
complications will somehow sort themselves out given enough time and a following wind —
and suggest that we should be discussing not whether to allow DNA-based descriptions
(typifications) of species and by extension higher ranks of fungi, but what the precise
requirements for such DNA-based typifications should be. We submit a tentative list of such
criteria for further discussion. However, the present authors fear that no waves of change will
be lapping the shores of mycology for the foreseeable future, leaving the overwhelming
majority of extant fungi without formal names and thus scientific and environmental agency.
It is not clear to us who benefits from that, but neither fungi nor mycology are likely to be on

the winning side.

Keywords dark taxa, ICN, nomenclature, species description, taxonomy, type principle
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Dark matter is an astronomical concept that denotes mass of a hitherto unknown nature. That
mass is detectable indirectly through the gravity it exerts — such as the bending of passing
light — but its exact nature has so far defied scientific explanation. Mycology offers an analogy
in the form of dark taxa, which are taxa that do not seem to produce tangible morphological
structures and that we cannot seem to cultivate in the lab. As with dark matter, dark taxa are
chiefly detected by other means than direct observation, notably through DNA sequencing
(Grossart et al. 2016; Lucking et al. 2021). The field of mycology has become intimately
entwined with the concept of dark taxa in the wake of environmental metabarcoding, where
seemingly dark taxa often make up more than half of the taxa recovered (e.g., Retter et al.
2019). Dark taxa seem to permeate the fungal tree of life and are known from all major fungal
lineages. Indeed, a non-trivial number of large fungal lineages are constituted solely by dark
taxa (Tedersoo et al. 2017, 2020). Studying the fungal kingdom sans its dark components is to
study a paraphyletic group, something that contemporary phylogenetic thinking advises
strongly against.

Most of the present authors have spent considerable time in the company of dark
fungal taxa (DFT) as recovered through environmental metabarcoding and as manifested in
the UNITE database for molecular identification of fungi (Nilsson et al. 2019). The sheer
magnitude of extant sequence data from DFT signals a need to take these taxa seriously. Yet
it seems to the present authors that contemporary mycology treats DFT as if they had a lesser
—infact, no — biological validity. The International Code of Nomenclature for algae, fungi, and
plants (ICN; Turland et al. 2018) does not permit species descriptions typified from DNA
sequences alone, and a recent effort to bring about change in this regard was overthrown
with overwhelming majority (May et al. 2018). Similarly, DFT are routinely ignored in the
context of, e.g., phylogenetic inference, ecology, and nature conservation (Ryberg and
Nilsson, 2018). Indeed, it is as if the DFT have no agency at all, scientific or otherwise. This
goes very much against the experience of the present authors, who have used DFT to tease
out branching orders, dominant but entirely overlooked taxa, and major ecological patterns
that otherwise would have been lost on science (Khan et al. 2020; Nilsson et al. 2011, 2016;
Tedersoo et al. 2022). Similarly, in an attempt to accord some taxonomic standing to the DFT,
UNITE has assigned DOl-based digital identifiers to all DFT known from nuclear ribosomal

internal transcribed spacer region (ITS) data to facilitate and promote unambiguous scientific
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95 communication across datasets and studies (Kdljalg et al. 2013). These efforts have largely

96 fallen short of sparking the debate they were hoping to.

97 In the present forum paper, we wish to visualize the relative contribution of DFT to

98 molecular mycological species discovery over time. We do this through two molecular

99 datasets, both of which reflect current knowledge but also biases in various ways. These
100 datasets are: 1) all full-length fungal ITS sequences in the international sequence database
101  collaboration (INSDC; Arita et al. 2021) as of October 11, 2022 and 2) the five large
102  metabarcoding datasets — chiefly of soil fungi (e.g., Tedersoo et al. 2022) —so far incorporated
103 into the UNITE database. We find that the DFT overwhelmingly dominate the species
104  discovery process, and it seems patently clear that extant fungal diversity presents us with
105  patterns that cannot be accurately represented only by species defined by morphology or
106  cultivation alone. It strikes us as unfortunate that what seems to be the absolute majority of
107  fungi fall outside the ambit of the ICN, and we hope that the present results will instigate a
108 much needed —and much overdue — debate on how and when we should allow formal species
109  descriptions based on DNA sequence data alone.
110
111  Materials and Methods
112 The full flow of operation behind the UNITE database is described elsewhere (Kdljalg et al.
113 2013, 2020; Nilsson et al. 2019). In brief, UNITE clusters the fungal ITS sequences of INSDC
114  jointly with the UNITE-contributed DFT ITS sequences into species hypotheses (SHs) at
115  distance thresholds 0.5% through to 3.0% in steps of 0.5%. These operational taxonomic units
116  can be thought of as entities roughly at the species level. The sequences and the SHs are
117  available for web-based interaction as well as for download in various formats
118  (https://unite.ut.ee/repository.php).
119 We downloaded all sequences included in the October 2022 version 9 release of the
120  UNITE species hypothesis system. To allow us to contrast the species discovery from
121  taxonomic and metabarcoding studies, we made the admittedly coarse assumption that all
122 SHs that contained at least one sequence from the INSDC could be considered as taxonomy-
123  derived SHs, that is, SHs with some sort of footing in traditional taxonomy. In analogy, all SHs
124  comprised solely of metabarcoding sequences were considered as DFT. Based on the date of
125  initial submission of each sequence (submission to INSDC and to UNITE, respectively, for

126  INSDC and DFT sequences), we examined the accumulation of SHs over time. We plotted the
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127  accumulation of taxonomy-derived and DFT-only SHs against date of initial discovery in R v.
128  4.2.2 (R core team 2020).

129 While there is little hope of piecing together the ecological context of these sequences
130 inan automated way, at least there is an opportunity to visualize the country of collection for
131  many of the sequences in INSDC and UNITE. We thus sought to illustrate the geographical
132  component of the SH accumulation curves by summarizing the country of collection of the
133  taxonomy-derived and DFT sequences. In total, 63% of the taxonomy-derived, and 99.9% of
134  the DFT, sequences were tagged with an explicit country of origin. The 20 most common
135  countries of origin in each dataset were compiled using R.

136

137  Results

138  We retrieved a total of 1.26 M taxonomy-derived sequences from INSDC and 7.1 M DFT
139  sequences from UNITE. The taxonomy-derived sequences were found to stem from a total of
140 88,665 distinct published and unpublished studies as defined by the combination of the INSDC
141  fields AUTHORS, TITLE, and JOURNAL. The DFT sequences were found to stem from 5 studies.
142  The SH accumulation curves at the dynamic 1.5% similarity threshold level are shown in Figure
143 1. Table 1 shows the top 20 countries of origin for the taxonomy-derived and DFT sequences
144  for which this data was available. Figure 2 shows the collection localities for all Sanger and
145  metabarcoding sequences with geo-coordinates.

146

147  Discussion

148 The present study approximated fungal species accumulation over time as deduced from
149  taxonomic and metabarcoding efforts. We found that the DFT account for the lion’s share of
150 the new species discovered in the last five years (although some limited proportion of both
151  the Sanger-derived and the DFT sequences may possibly correspond to described, but so far
152  unsequenced, species). We reached this conclusion based on a very limited number of studies
153 - in fact, just five — on soil fungal communities and in almost complete absence of
154  metabarcoding data from, e.g., water, air, wood, and plant material. One can only imagine
155 that Figure 1 would have shown an even more dramatic trend had a wider selection of
156  metabarcoding datasets been available in UNITE. Figure 2 paints a similar picture with respect
157 to the geographical coverage. It shows that whereas the sampling effort of the five

158 metabarcoding studies was wide, it pales in comparison to that of the combined Sanger-
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159  derived studies. It is reasonable to think that at least some of the unsampled geographical
160 regions are rich in DFT and would have contributed to an even steeper trend in Figure 1, had
161  they been sampled.

162 It is often said that when data are sparse, opinions may be maintained and cherished
163  for longer than necessary. Our results show that data are no longer sparse; DFT, in view of
164  their diversity and abundance, form a major, inextricable component of the fungal kingdom.
165 They simply cannot be swept under the carpet. It is not scientifically defensible to exclude
166  them from mycological efforts in phylogeny, ecology, or biogeography; they simply cannot be
167 swept under the carpet. We therefore argue that it does not make sense to deny them a
168 formal standing under the ICN. It is time — in fact, long overdue — to start discussing what the
169 requirements should be for DFT to be formally considered under the ICN. Clearly,
170  morphological structures or cultivability cannot be part of those requirements. We feel it is
171  time for serious discussion on this topic, and we would like to reiterate the observations of
172  Licking et al. (2021) that a limited number of thought-through requirements would probably
173  suffice. These should reflect the need for scientific reproducibility and should be stringent
174  enough that only particularly well-vetted and documented DFT can be considered for DNA-
175 based typification and formal description. At the same time, they should be realistic and
176  reasonable enough that formal taxonomic description does become possible for such

177  particularly well-vetted and documented DFT. We submit the following as tentative criteria:

178

179 e A minimum length/coverage for the underlying sequence data (such as all of SSU, ITS,
180 and LSU in a contiguous stretch).

181 e Sufficiently high read quality.

182 e At least two independent recoveries of the taxon across separate datasets, perhaps
183 from separate research teams.

184 e A thorough analysis of the public sequence databases for relevant additional
185 sequences to maximise the penetration of available data and to minimize redundant
186 descriptions.

187 e An underlying phylogenetic analysis based on a multiple sequence (perhaps SSU plus

188 LSU, or at least LSU) alighment.
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189 e Bundling of open, richly annotated raw sequence data/FASTQ/chromatograms and
190 metadata on, e.g., the ecological and geographical specifics of the sampling sites.

191 e Publication in a scientific journal with a formal impact factor.

192 e [t furthermore seems reasonable to us to allow DNA sequences as types only in fungal
193 groups that are predominantly or exclusively dark at, say, the order or supra-order
194 level. We would be against DNA-based typifications in groups where morphological
195 structures and/or cultivation may be within reach (e.g., Cortinarius and Fusarium).
196 e At least one mycological taxonomist should be involved in the description of DFT
197 (indeed, all fungi). There is no shortage of potential complications that, when
198 overlooked, could lead to needless and haphazard introduction of new species and
199 genera in DFT and beyond. For instance, it is well known that some extant genera offer
200 examples of very divergent ITS (or other ribosomal) regions (e.g., Basidiodendron,
201 Oliveonia, and Cantharellus; Feibelman et al. 1994; Alm Rosenblad et al. 2022). When
202 considered in isolation and out of context —in, say, a molecular ecology dataset —such
203 sequences could be interpreted to warrant new species and genus descriptions.
204 Needless to say, the present authors are against premature description of species and
205 other taxonomic groups.

206

207  There is clearly room for refinement of the requirements mentioned here, and we are
208  furthermore certain that the mycological community can come up with additional
209 prerequisites to further increase stringency and reduce the risk for haphazard, more or less
210 irreproducible orirresponsible use of DNA sequences as types (cf. Hibbett et al. 2016; Zamora
211  etal. 2018; Licking et al. 2018). The present authors warmly welcome —indeed, invite — such
212 adiscussion.

213 It could be argued that a separate nomenclature code should be erected for the DFT,
214  akin perhaps to the Candidatus concept in bacteria (Murray and Stackebrandt 1995) or to the
215 extant DOIl-based species identifiers of UNITE. We remain sceptical, however, and we argue
216  for full-fledged integration of the DFT into the ICN. After all, the Candidatus concept never
217  really took off, and the UNITE DOIs for DFT remain under-used. It seems likely to us that DFT
218 as governed by a separate and more or less unofficial code would simply remain relegated to

219 some state of secondary —in practise, no — importance. That is not the message delivered by
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220  Figure 1, however, and not a state fit to reflect the crucial roles fungi are increasingly
221  understood to play in the ecosystems of the world — by the scientific community and the
222 general public alike. On the contrary, DFT seem to dominate the fungal kingdom. This puts
223 the ICN in a position where it governs an ever-dwindling proportion of the extant fungi —
224  maybe just some few percent. Such a position would seem untenable and, ultimately,
225  vulnerable to usurpation. After all, the new and rebellious prokaryotic SeqCode (Hedlund et
226  al. 2022) grew out of frustration at the inability of the International Code of Nomenclature of
227  Prokaryotes (ICNP) to adapt enough to be able to reflect extant prokaryotic diversity properly.
228  While the ultimate fate of SeqCode remains to be seen (Marinov et al. 2022), it does set an
229  eerie example of what the future may hold in store for ICN should DFT continue to be
230 dismissed as irrelevant. We argue that formal scientific names for DFT are necessary for their
231  scientific agency. Similarly, formal names will in practice be needed in biological conservation
232  andin efforts exploring DFT for, e.g., medical and industrial use. These fungi deserve and need
233  formal names, and it is our firm belief and opinion that this is achievable.

234

235  Conclusion

236  The concept of dark taxa draws from the astronomical concept of dark matter. In the context
237  of the latest release of the UNITE SH system, astronomy offers one further analogy: that of
238  the night sky. Much as stars form tiny specks of light against the massively dark expanse of
239  space, taxonomy-derived SHs in the ninth UNITE SH release give a diminutive impression
240  against the massive backdrop of DFT SHs. It was roughly 100 years ago that astronomy came
241  to terms with the fact that space stretched far beyond our own galaxy, and it is only fit that
242 mycology finally reaches a comparable conclusion with respect to extant fungal diversity.
243
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437  Figure legends

438

439  Figure 1 — The accumulation of SHs at the 1.5% distance threshold over time in the Sanger
440 (black; 88,665 studies of various sizes) and the DFT (red; 5 large studies) datasets. The Y axis
441  depicts the number of SHs and the X axis depicts year of sequence deposition. Solid trend

442  lines were calculated using cubic smoothing splines.
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445  Figure 2 — Maps showing the collection localities for the (A) Sanger sequences and (B)
446  metabarcoding sequences that came with geo-coordinates (36,559 Sanger collection

447  localities and 3,688 metabarcoding collection localities).

448
449
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450 Table 1 —The 20 most common countries of collection for the Sanger and the DFT sequences.
451 The DFT dataset is dominated by sequences from Estonia, from which the five metabarcoding
452  studies were run. Estonia is not known as any particularly rich hotspot of biodiversity, perhaps
453  suggesting that additional worldwide sampling would have produced even more dramatic

454 increases in the number of DFT SHs.

455
1 INSDC country INSDC seq. DFT country DFT seq.
2 |Unknown 463524 Estonia 1788894
3 United States 133496 United States 350869
4 China 117292 ltaly 287842
5 |India 31788 Brazil 285473
6 Japan 29754 Czechia 260611
7 Brazil 27765 Russian Federatic 228979
8 |Canada 26038 Mexico 210643
9 Spain 22362 Norway 208422
10 Australia 22205 Colombia 204172
11 Germany 19971 Australia 177777
12 ltaly 18078 Sweden 177318
13 Mexico 16326 Latvia 169168
14 France 14896 Lithuania 166553
15 Korea, Republic of 12434 Georgia 146440
16 Russian Federation 11668 Finland 127258
17 Iran, Islamic Republic of 11285 India 123706
18 Poland 10969 Argentina 116852
19 New Zealand 10956 China 100143
20 |Thailand 10708 Papua New Guine 96253

456 21 South Africa 10642 Tanzania, United 95203
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