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The recent introduction of metagenome-assembled genomes (MAGs) has marked a major
milestone in the human gut microbiome field (Almeida et al., 2019; Nayfach et al., 2019; Pasolli
et al., 2019). Such reference-free, de novo-assembled genomes (Hugerth et al., 2015) have revealed
a wide range of hitherto uncultured microbial species in human gut samples.

The significance of MAGs in unraveling human gut microbial diversity was supported by their
overwhelming representation in a comprehensive human gut prokaryotic collection filtered by
metagenome data dereplicated at 97.5% average nucleotide identity (ANI) (Hiseni et al., 2021).
More than 90% of the collection consists of MAGs, while the rest of the collectionmainly comprises
RefSeq genomes (Figure 1A).

A great challenge related to MAGs is their lack of 16S rRNA sequences. Skewed species
abundance, high 16S sequence similarity, and high volumes of short-reads data cause major
difficulties for assembling the sequences of this gene (Yuan et al., 2015), frequently rendering these
genomes incomplete.

A barrnap search (https://github.com/tseemann/barrnap) revealed that from>270,000 qualified
MAGs, only 7% yielded 16S sequences, while this gene was found in 93% of>106,000 other genome
types. MAGs positive for 16S had a significantly lower copy number compared to complete RefSeq
genomes (Figure 1B; top panel) and substantially higher intragenomic variance (Figure 1B; bottom
panel). Challenges in obtaining multiple 16S copies from incomplete genomes are well-described
in the literature (Perisin et al., 2016; Louca et al., 2018); however, to exacerbate the problem, their
enormous intragenomic heterogeneity renders their overall quality questionable.

A multiple sequence alignment of 16S rDNA sequences extracted from members of identical
97.5% ANI clusters, followed by the computation of their distance [ape package in RStudio (Paradis
and Schliep, 2018)], has revealed that clusters consisting purely of MAGs share on average 93%
identity, as contrasted by 99.8% average 16S sequence identity in clusters made of pure, complete
RefSeq genomes (Figure 1C).

Considering that 16S is a highly conserved gene, its identity among same-cluster genomes was
expected to be higher than the threshold used for dereplicating them (>97.5%; Kim et al., 2014; Jain
et al., 2018). The excessive 16S divergence among MAG-only clusters raises red flags, potentially
reflecting issues related to their assembly, as previously reported (Nelson et al., 2020; Meziti et al.,
2021).
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FIGURE 1 | (A) The process of filtering human gut-derived MAGs and RefSeq prokaryotic genomes against a pool of >3,500 non-redundant healthy human gut

metagenomes. Only genomes sharing ≥95% average nucleotide identity (ANI)—a conventional threshold marking species delineation (Jain et al., 2018)—were kept

for further processing. The qualified genomes dereplicated at 97.5% ANI were mostly represented by MAGs (>90%). Only 7% of MAGs harbored detectable 16S

rRNA gene sequences, while the opposite was observed in RefSeq genomes (7% lacked detectable 16S). (B) The distribution of 16S copy numbers on complete

RefSeq genomes vs. MAGs (upper panel); the intragenomic 16S rRNA gene heterogeneity on genomes with multiple 16S copies for the same groups (bottom panel).

MAGs are associated with increased intragenomic variability across all positions compared to RefSeq genomes. (C) The average nucleotide identity of 16S sequences

belonging to the same 97.5% ANI cluster. Each boxplot refers to one cluster. The upper panel depicts clusters made of pure complete RefSeq genomes, while the

bottom panel shows the distribution of shared identities on clusters entirely comprising MAGs. RefSeq-derived 16S sequences within same clusters show high identity

(average of 99.8%); MAG clusters contain highly variable 16S sequences, with an average identity of 93%.

All MAGs studied here were >95% complete with
<5% contamination, a conventional criterion marking
their high quality. Given the extreme importance of the
16S gene in microbial taxonomy and ecology, it seems
unacceptable that MAGs can be labeled as such and at
the same time contain low-quality information about this
single most important gene that links the re-constructed
genomes to the huge body of 16S-based microbiota studies
conducted worldwide.

Furthermore, the acceptance of poor 16S rDNA quality in
MAGs currently excludes a majority in the microbial research
community that does not have the economic or computational
resources to perform large-scale shotgun sequencing.
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