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Species boundaries on a mitochondrial axis 34 

Species are delimited by many kinds of evidence—morphology, ecology, 35 

reproductive isolation, genomes—and concordance among these axes varies by 36 

clade. To anchor a portable operational rule, we contrasted within- versus 37 

between-species mitogenome similarity in genera with ample sampling (≥7 38 

species/genus; ≥7 mitogenomes/species) and took their intersection (98.1% 39 

genome identity) as a pragmatic, taxonomy-aware boundary for clustering. Across 40 

RefSeq r226 (17,771 named species), this threshold achieved ~92.4% precision 41 

and ~87.1% recall against current names, preserving most recognised species 42 

while avoiding any claim of universality. We envision the 98.1% boundary as a 43 

workable common currency, while recognising that species are biological entities 44 

rather than fixed DNA-identity cut-offs. 45 

Where names and mitochondria disagree, the pattern is often informative rather 46 

than erroneous. High interspecific mtDNA identity can reflect (i) recent divergence 47 

and ongoing gene flow, (ii) incomplete lineage sorting, (iii) introgressive 48 

hybridization with mitochondrial capture, or (iv) lineage-specific features of mtDNA 49 

evolution (e.g., extremely slow mitochondrial substitution rates in corals1). 50 

Systematic sources of high interspecific identity in RefSeq r226 51 

Hybrids and subspecies are included in the nonredundant database 52 

RefSeq r226 contains explicit hybrids (e.g., Paralichthys olivaceus × Verasper 53 

variegatus; Tachysurus fulvidraco × T. vachelli) and subspecies (e.g., Ursus 54 

thibetanus subspp.). Maternal inheritance means a hybrid’s mitogenome usually 55 

resolves to the maternal species, pulling hybrids and maternal species into the 56 

same cluster—an expected outcome, not a failure of clustering. Reviews across 57 

animal systems document frequent mitochondrial capture with minimal nuclear 58 

introgression2. 59 

Clades repeatedly forming multi-species clusters at 98.1% 60 

Clustering RefSeq r226 mitogenomes at 98.1% identity yields the densest multi-61 

species clusters in fishes, with additional instances in corals, mammals, etc. In 62 
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freshwater cyprinids, for example, our clusters merge multiple species and named 63 

hybrids across Megalobrama, Carassius, Cyprinus, Siniperca, Schizothorax, and 64 

sturgeons (Scaphirhynchus, Acipenser), and in marine groups they merge species 65 

in Thunnus, Sebastes, Takifugu, and Epinephelus. Mechanistically, three well-known 66 

processes can explain why distinct binomials share high identity in mitochondria. 67 

(i) Strict maternal inheritance and recorded hybridization: in the genera above 68 

(e.g., Megalobrama terminalis × Culter alburnus; Carassius auratus × Cyprinus 69 

carpio; Takifugu rubripes × T. flavidus; Epinephelus moara × E. lanceolatus; 70 

Scaphirhynchus albus × S. platorynchus; Acipenser gueldenstaedtii × A. baerii), the 71 

mitogenomes track the maternal species, collapsing species+hybrid names into 72 

one 98.1% cluster—exactly as expected under animal mtDNA inheritance3–7. (ii) 73 

Recent divergence with incomplete lineage sorting and reticulation during 74 

adaptive radiations, classically in East African cichlids: in our data, several Lake 75 

Malawi genera (Trematocranus, Nimbochromis, Dimidiochromis, Cheilochromis, 76 

Protomelas, Placidochromis) coalesce at 98.1%, consistent with genome-wide 77 

evidence of gene flow and shared ancestral variation in the radiation. Analogous 78 

dynamics occur in lacustrine whitefish (Coregonus), chars (Salvelinus), and in 79 

marine rockfishes (Sebastes)8–10. (iii) Third, intrinsically slow mitochondrial 80 

substitution in Anthozoa, combined with hybridization, keeps interspecific 81 

identities high in our coral clusters (Acropora, Porites, Orbicella, Sinularia, 82 

Tubastraea)1,11–13. Finally, mammal cases in our clusters (e.g., Ursus thibetanus 83 

subspecies; multiple Canis lupus forms including C. l. familiaris; Lepus) fit a 84 

broader picture in which introgression produces mito–nuclear discordance—well 85 

established for bears (Ursus maritimus ↔ U. arctos), wolves/dogs, and hares 86 

(Lepus)14–16.  87 

Accordingly, we treat 98.1% DNA identity as a pragmatic separator rather than a 88 

universal boundary: even without hybridization, reticulation or extreme rate effects, 89 

some named species main remain indistinguishable by mitogenomes alone. 90 

 91 

 92 
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The breadth of mitochondrial diversity through the SSU-LSU 93 

lenses 94 

Rationale 95 

We use mitochondrial 12S–16S rRNA markers17,18 to complement the COI-based 96 

phylogeny results depicted in Fig. 3b, and to emphasize the diversity gain brought 97 

by FMA. This phylogenetic reconstruction is not intended to refine deep 98 

eukaryotic relationships, but rather to highlight gains and remaining gaps in 99 

current mitochondrial references. 100 

Method 101 

To illustrate the evolutionary breadth of environmentally recovered mitogenomes, 102 

we analysed mitochondrial 16S and 12S rRNA genes from FMA species-cluster 103 

representatives together with RefSeq r226 ones. The initial combined dataset 104 

comprised 16S (n = 19,202) and 12S (n = 19,052) sequences. We removed short 105 

sequences (<650 bp for 16S; <400 bp for 12S), retaining 11,588 and 17,984 106 

sequences, respectively. To focus on environmentally relevant microeukaryotic 107 

diversity, we excluded from RefSeq r226 a subset of metazoan mitogenomes (n = 108 

7,904) with extensive existing genomic representation and limited relevance to 109 

freshwater microeukaryotes (e.g., many fishes, birds, and mammals). After this 110 

filter, 2,777 (16S) and 8,032 (12S) sequences were retained. These were then 111 

aligned with FAMSA v1.2 CPU and trimmed with BMGE19 v1.12 (-m DNA -g 0.5) to 112 

remove ambiguously aligned sites. The two loci were then concatenated into a 113 

supermatrix, allowing partial occupancy (missing loci coded as gaps), yielding 114 

8,466 taxa in total (RefSeq r226, n = 6,924; FMA, n = 1,542). Maximum-likelihood 115 

trees were inferred with IQ-TREE20 v3.0.1 using a GTR+F+I+G4 model (-m 116 

GTR+I+G4+F); node support was evaluated with ultrafast bootstrap (1,000 117 

replicates; -bb 1000) and the Shimodaira-Hasegawa approximate likelihood ratio 118 

test (SH-aLRT;1,000 replicates; -alrt 1000). Trees were inferred unrooted (no 119 

outgroup designated). 120 

 121 
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Results 122 

To illustrate the additional phylogenetic breadth contributed by the FMA, we 123 

assembled a maximum-likelihood tree from concatenated mitochondrial 12S + 124 

16S rRNA sequences. The inclusion of FMA lineages extended representation 125 

across several deep mitochondrial clades—most prominently within sparsely 126 

sampled microeukaryote groups, such as SAR, and, more precisely, within 127 

stramenopiles and alveolates; thereby bridging notable gaps in the present 128 

reference databases. 129 

 130 

Suppl. Fig. S1 | Phylogenetic and compositional landscape of the LSU-SSU mitochondrial 131 

region. Maximum-likelihood phylogeny from concatenated mitochondrial 12S+16S rRNA genes 132 

(IQ-TREE, GTR+F+I+G4), comprising RefSeq r226 mitogenomes (yellow; n = 6,924) and 1,542 FMA 133 

mitogenomes (blue). Concentric rings (outer → inner) depict the taxonomy and the trophic status 134 

of the sampling site for the FMA records. Taxonomic ranks with low representation were grouped 135 

into a single category (grey), and uncharacterized mitochondrial genomes are shown in dark green. 136 

Black arrows indicate collapsed branches. Raw data is provided as a Source Data file. 137 
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Discussion 138 

The 12S–16S phylogeny, complementary to the COI one, provided a synoptic view 139 

of how the FMA restructures mitochondrial sampling across the eukaryotic tree. 140 

Against the backdrop of a RefSeq r226 subset, the FMA tips the representation 141 

away from the familiar overabundance of animals and plants and into historically 142 

neglected branches, most visibly within the microbial eukaryotes. Stramenopiles, 143 

alveolates, rhizarians, and cryptophytes all gain extensive new coverage, with FMA 144 

lineages threading into regions of the tree that were previously sparsely populated 145 

in RefSeq r226. Rather than simply adding more tips to already well-sampled 146 

clades, the FMA introduces breadth at deeper nodes and across multiple 147 

supergroups, converting swaths of phylogenetic “white space” into populated 148 

structure. Yet the tree also reveals long, isolated branches populated by 149 

uncharacterized mitochondrial lineages (Suppl. Fig. S1, dark green, outer ring). 150 

 151 

 152 

 153 
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 161 

Suppl. Fig. S2 | Most frequent gene families and annotation coverage across FMA 162 

mitogenomes. (a) For each database (TIGRFAM, KEGG, Pfam), the two most frequent protein 163 

families detected among FMA mitochondrial coding sequences (CDSs) are listed with their 164 

identifiers. (b) Stacked bars show annotation coverage for the FMA mitogenome set: the blue 165 

segment is the proportion of CDSs with ≥1 assignment in the respective database, and the grey 166 

segment is unassigned CDSs. Percentages are calculated over all CDSs from the FMA 167 

mitogenomes (X-axis, 0–100%). Raw data is provided as a Source Data file 168 

 169 
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Most abundant annotations

0% 25% 50% 75% 100%

KEGG

TIGRTIGR01770 NAD(P)H-quinone oxidoreductase subunit 2 

TIGR01972 NADH-quinone oxidoreductase subunit M

K02256
  
Cytochrome c oxidase subunit 1
Cytochrome c oxidase subunit 3K02262

NADH-ubiquinone oxidoreductase chain 5PF00361.26

PF00146.26 NADH-ubiquinone oxidoreductase chain 1

a b
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Sequence-discrete recruitment as an in situ check on the 180 

mitochondrial species boundary 181 

Rationale 182 

Genome-resolved studies of prokaryotes in natural environments consistently 183 

reveal the existence of sequence-discrete populations. In read recruitment to a 184 

reference genome, most reads align at very high identity to the local population 185 

(typically >95–100%); mapping density then drops sharply across ~90–95% 186 

identity, with only a sparse <90% tail from more distantly related genomes or 187 

spurious alignments21. This coverage–identity geometry—tight high-identity peak 188 

separated by a trough—is the in situ signature of ecologically cohesive, sequence-189 

discrete populations (operational “species”) and mirrors the bimodal  species 190 

distribution of intergenomic ANI with a break near ~95% across large genome 191 

cohorts22. We asked whether environmental reads recruited to locally derived 192 

mitogenomes show the same pattern, and whether our 98.1% mitogenome 193 

identity threshold coincides with a similarity “gap” resembling the one observed 194 

for conspecific and non-conspecific matches in prokaryotes. 195 

Method 196 

We analysed 97 metagenomes from Lake Stechlin (Germany). Each library was 197 

subsampled to 30 million reads with reformat.sh (default settings), yielding 2.91 × 198 

109 reads in total. Reads were recruited against a curated set of 38 Lake Stechlin 199 

mitogenomes (taxonomically diverse and abundant). Recruitment used blastn 200 

(BLAST+) with stringent filters: minimum alignment length ≥ 100 bp and E-value ≤ 201 

1 × 10-5. A reference was counted as present in a sample only if ≥ 3× coverage was 202 

contributed by 99–100%-identity reads. For each metagenome, we binned the 203 

percent identity of all retained hits into 1% bins (63–100%).  204 

Results 205 

Across the 97 datasets, identity distributions are strongly skewed, with a dominant 206 

mode at 99–100% and a pronounced coverage cliff just below ~98% (Suppl. Fig. 207 
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S2). Only a small minority of reads fall in the 97–95% interval and counts decline 208 

further at lower identities. Relative to the 98.1% line, the histogram separates into 209 

two regimes: very high-identity matches consistent with local conspecific lineages, 210 

and substantially lower identities attributable to related but distinct lineages or 211 

occasional cross-mappings. 212 

 213 

Suppl. Fig. S3 | Identity distribution of environmental reads recruited to lake mitogenomes. 214 

Bars show the mean proportion of recruited reads per 1% identity bin across 97 Lake Stechlin 215 

metagenomes; error bars indicate standard errors across samples; n = 38 denotes the number of 216 

reference mitogenomes queried. The dashed line marks the a priori 98.1% species threshold. 217 

Colours distinguish bins above (“Species”) and below (“Non-Species”) the threshold. Recruitment 218 

used BLASTn (alignment length ≥ 100 bp; E ≤ 1 × 10-5). A reference was considered detected in a 219 
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sample if ≥ 3× coverage was provided by 99–100%-identity reads. Raw data is provided as a Source 220 

Data file 221 

Discussion 222 

Environmental read recruitment to local mitogenomes reproduces the sequence-223 

discrete, two-mode structure described for genome recruitment in prokaryotes21. 224 

The coverage cliff aligns with the 98.1% mitogenome threshold derived 225 

independently from within- versus between-species comparisons, providing an in 226 

situ validation that the threshold partitions conspecific signal from non-conspecific 227 

background. Uniform subsampling mitigates depth effects, and the requirement 228 

for ≥ 3× coverage from 99–100% reads ensures that the high-identity mode 229 

reflects genuine community membership rather than spurious genomic 230 

alignments. 231 

Perspectives on mitochondrial genome completeness 232 

Rationale 233 

Genome-resolved metagenomics opens access to the functional repertoires of 234 

uncultivated microbes, but robust inference depends on credible completeness 235 

and contamination assessments. For bacteria and archaea, single-copy core-gene 236 

panels provide standardised estimates23. Mitochondria lack a universal rubric 237 

because gene repertoires, genome architectures (circular, linear, multipartite), and 238 

even genetic codes vary widely across eukaryotic lineages24. Common practice—239 

checking expected gene inventories, apparent circularisation, and length against 240 

references25—is informative but intrinsically reference-dependent, and can mislead 241 

where lineage coverage is sparse or biased; as for microeukaryotes. Given that 242 

uneven representation, we adopt a conservative lower-bound strategy for FMA: 243 

lineage-specific mitochondrial marker sets, genome size and gene numbers; that 244 

minimise over-calling of completeness while acknowledging that deep divergence 245 

or reductive evolution will likely depress scores. 246 

Method 247 
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We approximated completeness using three complementary approaches. First, we 248 

used taxon-specific marker sets derived from RefSeq r226. Within each major 249 

lineage, a gene was designated a marker if present in ≥90% of curated 250 

mitogenomes (permissive to accommodate natural variability). Annotation 251 

followed our standard pipeline (see Methods: Cluster Validation I), and 12S/16S 252 

rRNA were included across all taxa. Marker-set sizes were: Aphelida (n = 13), 253 

Arthropoda (n = 16), Ascomycota (n = 18), Basidiomycota (n = 18), Ciliophora (n = 254 

22), Cryptophyceae (n = 59), Discoba (n = 120), Fungi incertae sedis (n = 19), 255 

Rhizaria (n = 34), Stramenopiles (n = 55), Spiralia (n = 16) and Chlorophyta (n = 256 

52). For each assembly, completeness was the fraction of lineage markers 257 

detected. Because homology detection degrades with divergence, we interpret 258 

these values explicitly as lower bounds. Second, we estimated completeness 259 

based on assembly size by computing, for each lineage, the median mitochondrial 260 

genome size among reference mitogenomes and expressing completeness as the 261 

ratio between the observed assembly size and this lineage-specific median. Third, 262 

we assessed completeness based on gene content by determining the median 263 

number of detected genes per lineage among references and calculating the 264 

fraction of this median gene count recovered in each assembly. Finally, for each 265 

assembly we averaged the three estimates—marker recovery, size-based 266 

completeness, and gene-content completeness—to obtain a combined 267 

completeness measure that provides a conservative yet more robust 268 

approximation than any single metric alone. 269 

Results 270 

The framework delivered lineage-aware, conservative completeness estimates. 271 

Well-sampled clades (e.g., fungi, arthropods, streptophytes) produced compact 272 

marker sets with consistent recovery, supporting confident calls. In contrast, 273 

lineages with sparse or distant references—notably Haptista (n = 6 references), 274 

Cryptophyceae (n = 11 references), and parts of SAR (n = 316 references)—showed 275 

broader dispersion and lower medians. In these groups, reduced scores likely 276 

reflect a mixture of lower recovery, true biological idiosyncrasy (e.g., rRNA 277 

fragmentation, gene transfers to the nucleus, reductive evolution) and database 278 
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divergence that attenuates marker detectability. Importantly, the additional size-279 

based and gene-count completeness metrics help contextualize these patterns: 280 

assemblies scoring low in markers but approaching expected size or gene content 281 

likely represent divergent but near-complete mitogenomes rather than technical 282 

assembly failures. Many mitogenomes recovered in FMA come from exactly these 283 

undersampled clades, thereby expanding reference space and setting the stage 284 

for more faithful marker sets in the future. 285 

 286 

Suppl. Fig. S4 | Mitochondrial genome size distributions across taxonomic groups with GC 287 

content variation. Figure showcases recovered mitochondrial genome sizes (Kbp) (transparent 288 

boxplots) across major eukaryotic taxonomic groups (i.e., SAR, Viridiplantae, Fungi and Metazoa), 289 

against reference mitochondrial genomes from RefSeq r226 (grey boxplots in the background). 290 

Each point represents an individual mitochondrial genome (n = 19,925) and is colored according 291 

to its GC content, with a color gradient from blue (low GC) to red (high GC), as indicated on the 292 

right label. The central line across the boxplots identifies the median, marking the dataset’s 293 

midpoint. The box itself demarcates the interquartile range, extending from the first quartile to the 294 

third quartile, encapsulating the central 50% of the data. The whiskers project from the box to the 295 

furthest data points not categorized as outliers and show the spread of the main body of the 296 

dataset. Raw data is provided as a Source Data file. 297 

 298 
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Discussion 299 

A single universal completeness metric for mitochondrial genomes is not yet 300 

realistic. Our lineage-specific marker approach (combined with genome size and 301 

gene numbers) is conservative by design and yields estimates that should be read 302 

as approximations—especially where references are sparse or evolutionarily 303 

distant. In practice, completeness assessment should triangulate marker recovery 304 

with orthogonal evidence (phylogenetic similarity, circularization signals, synteny 305 

to close relatives) and be interpreted in light of lineage biology (e.g., 306 

hydrogenosomes/mitosomes, RNA editing, genome fragmentation). As new 307 

mitogenomes from microeukaryotes enter public databases—including many 308 

contributed here—marker sets will tighten, reducing divergence penalties and 309 

improving the accuracy of completeness estimates. 310 

 311 
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Suppl. Fig. S5 | Taxonomic representation of the mitochondrial species-threshold calibration 312 
datasets. Bars show the number of unique taxonomic groups represented by macroorganisms and 313 
microorganisms across ranks in the interspecies and intraspecies reference datasets used to infer 314 
the 98.1% mitochondrial genome identity threshold. Values above bars indicate the number of 315 
unique taxa per rank. 316 

 317 
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Mock-community benchmarking of sequencing and assembly 318 

effects 319 

Rationale 320 

To evaluate how sequencing technology, assembly strategy, and genome 321 

fragmentation could influence recovery of microeukaryotic organellar genomes in 322 

our metagenomic dataset, we performed a controlled mock-community 323 

benchmarking experiment using the ZymoBIOMICS Microbial Community 324 

Standard (D6300; Zymo Research). This mock community was selected because it 325 

is strongly dominated by bacterial DNA, while also containing a low-abundance 326 

microeukaryotic component, thereby approximating the expected taxonomic 327 

structure of our environmental samples. In particular, the community includes 328 

Saccharomyces cerevisiae strain Y-567, whose mitochondrial genome is 329 

approximately 80 kbp in length. 330 

Method 331 

Both short-read and long-read sequencing approaches were applied to the mock 332 

community. Total sequencing output was broadly comparable between platforms, 333 

with 15.97 Gb generated from Illumina sequencing and 19.69 Gb from Oxford 334 

Nanopore sequencing. For long-read sequencing, approximately 1 µg of high-335 

molecular-weight DNA was used for library preparation with the Oxford Nanopore 336 

Ligation Sequencing Kit V14 (SQK-LSK114; Oxford Nanopore Technologies). 337 

Libraries were sequenced on R10.4.1 flow cells (FLO-MIN114) using MinION Mk1B 338 

and GridION platforms. Basecalling was performed with Dorado v0.4.2 in super-339 

accurate mode using the dna_r10.4.1_e8.2_400bps_sup@v4.2.0 model, with 340 

adapter trimming applied at both read ends. For short-read sequencing, 341 

approximately 200 ng of DNA was sequenced on an Illumina NovaSeq 6000 342 

platform using 2 × 150 bp paired-end reads. Nanopore reads were quality filtered 343 

with Chopper v0.7.0 using -q 10 -l 500 and screened for residual adapters with 344 

Porechop_ABI v0.5.1. Illumina reads were quality and adapter trimmed with 345 

bbduk.sh from BBMap v39.01 using qtrim=rl trimq=18 k=21 346 
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ref=adapters_and_contaminants.fa, and overlapping paired-end reads were 347 

merged with bbmerge.sh using default settings. 348 

To assess the effect of assembly strategy, reads from each technology were 349 

assembled independently using multiple metagenomic assemblers. Illumina reads 350 

were assembled with MEGAHIT (v1.2.9) and metaSPAdes (v3.15.5), whereas 351 

Nanopore reads were assembled with metaFlye (v2.9.3-b179735) using --meta --352 

nano-hq, and with Canu (v2.2). We then identified contigs corresponding to the S. 353 

cerevisiae mitochondrial genome, including fragmented mitochondrial assemblies 354 

where complete circular recovery was not achieved. Recovered mitochondrial 355 

genome fragments were compared across assemblies using pairwise average 356 

nucleotide identity. 357 

Results 358 

Pairwise ANI values among the recovered S. cerevisiae mitochondrial genome 359 

fragments were consistently high across all assembly strategies, ranging from 360 

99.94% to 100%. The median pairwise genomic identity was 99.97%, indicating 361 

that the recovered mitochondrial sequences were highly concordant despite 362 

differences in sequencing platform, read length distribution, and assembler 363 

algorithm. This suggests that, although assembly fragmentation may vary among 364 

methods, the underlying sequence reconstruction of the S. cerevisiae 365 

mitochondrial genome was robust and reproducible across technologies. These 366 

results are consistent with previous metagenomic benchmarking studies showing 367 

that assembly strategy can affect contiguity while preserving high sequence-level 368 

accuracy in well-supported genomic regions26. 369 

 370 

 371 
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Suppl. Table S1 | Genome-property comparison between FMA mitoMAG representatives and 372 

RefSeq r226 mitochondrial references across major taxonomic groups. For each taxonomic 373 

group, the table reports median sequence length (kbp), median GC content (%), median predicted 374 

gene number, and the number of records included for both FMA species-level representative 375 

mitoMAGs and corresponding RefSeq r226 mitochondrial genomes*.  376 

Taxonomy median_size_kb
p_FMA 

median_size_kbp_Ref
Seq226 

median_gc_
FMA 

median_gc_RefS
eq226 

median_genes
_FMA 

median_genes_Ref
Seq226 

n_genomes_
FMA 

n_genomes_RefS
eq226 

Arthropoda 15.089 15.593 33.45 23.3 11 12 111 5949 

Ascomycota 22.994 45.1845 27.74 26.9 16 27 17 458 

Bigyra 8.593 28.382 29.68 21.9 6 31 7 7 

Ciliophora 16.285 47.143 24.69 22.05 15 41 571 20 

core 
chlorophytes 

15.0395 45.175 33.845 37.7 12 35 186 49 

Gnathifera 12.033 12.268 33.98 32.8 8 11 109 10 

Lophotrochoz
oa 

11.288 15.579 30.98 33.2 7 13 7 1269 

Mamiellophy
ceae 

12.044 45.831 36.17 39.15 13 48.5 18 4 

Ochrophyta 15.765 37.656 27.81 33.6 17 38 1349 163 

Oomycota 10.009 38.94 23.16 22 11 41 65 70 

Prymnesioph
yceae 

18.8345 29.013 31.865 29.4 21.5 27 40 5 

 377 

*RefSeq r226 records are used as a group-level reference context for interpreting contiguity and 378 
gene recovery in the FMA. Because FMA records are metagenome-derived mitochondrial 379 
reconstructions and may be partial, differences in length or gene number should be interpreted as 380 
indicators of variable recovery, fragmentation, and taxon-specific mitochondrial genome 381 
architecture rather than as universal completeness estimates. 382 

 383 
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Read-level mitochondrial microdiversity analysis 384 

To evaluate whether within-sample mitochondrial variation could influence 385 

mitoMAG interpretation, we performed a read-level microdiversity analysis on 386 

Lake Stechlin, Germany, one of the most deeply sampled systems in the dataset. 387 

This analysis was designed to quantify mitochondrial sequence variation directly 388 

from raw metagenomic reads, before consensus assembly. Because bulk 389 

metagenomic data cannot distinguish true intracellular heteroplasmy from within-390 

population mitochondrial polymorphism or the co-occurrence of closely related 391 

mitochondrial haplotypes, we interpret this analysis as an upper-bound estimate of 392 

heteroplasmy-like mitochondrial microdiversity around recovered mitoMAGs. 393 

Lake Stechlin contained 1,172 detected mitoMAGs across 299 Illumina shotgun 394 

metagenomes. To reduce redundancy and computational complexity, these 395 

mitoMAGs were clustered using the same species-level clustering procedure 396 

applied in the main analysis, yielding 398 representative mitoMAGs. Quality-397 

filtered Illumina reads from the 299 metagenomes were mapped against these 398 

representative mitoMAGs using BBMap. The resulting sorted BAM files were 399 

analysed with inStrain27 v1.8.0 using default settings to quantify read-level 400 

nucleotide variation across the recovered mitochondrial representatives. 401 

Profiles were retained only when the mitoMAG had at least 2× mean coverage and 402 

at least 50% breadth of coverage. The 50% breadth threshold follows inStrain 403 

recommendations for robust genome detection and reduces false-positive profiles 404 

caused by sparse or local read recruitment27. For each retained mitoMAG profile, 405 

we extracted the number of divergent sites normalized per kilobase. These values 406 

were then compared with the divergence implied by the FMA species-level 407 

clustering boundary. Because the species-level cutoff is 98.1% sequence identity, 408 

the corresponding divergence boundary is 1.9%, equivalent to 19 divergent sites 409 

per kilobase.  410 

The density of divergent sites was generally low. Across retained profiles, the mean 411 

was 2.82 ± 4.43 divergent sites per kilobase, with a median of 1.07 divergent sites 412 

per kilobase and an interquartile range of 0.22–3.56 divergent sites per kilobase. 413 
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Expressed as approximate sequence divergence, this corresponds to a mean of 414 

0.282 ± 0.443% and a median of 0.107%. Thus, most read-level mitochondrial 415 

variation was well below the 1.9% divergence corresponding to the 98.1% 416 

species-level clustering threshold used in the FMA. 417 

Consistent with this, 2,656 of 2,690 retained mitoMAG profiles, corresponding to 418 

98.74%, remained below 19 divergent sites per kilobase. Only 34 profiles, or 419 

1.26%, exceeded this boundary. These high-divergence cases are unlikely to 420 

represent ordinary low-level heteroplasmy alone. More plausibly, they reflect the 421 

presence of closely related mitochondrial lineages within the same sample. We 422 

therefore interpret them as rare cases of elevated mitochondrial microdiversity 423 

rather than as evidence that heteroplasmy broadly affects species-level clustering. 424 

Overall, this read-level analysis indicates that mitochondrial microdiversity in Lake 425 

Stechlin is usually far below the sequence divergence required to cross the FMA 426 

species-level boundary. Heteroplasmy-like variation is therefore unlikely to be a 427 

major driver of the species-level richness or phylogenetic diversity patterns 428 

reported in the main manuscript. 429 

 430 
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