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Summary. Metagenomic studies have claimed the existence of novel lineages with
unprecedented properties never before observed in prokaryotes. Such lineages include Asgard
archaea' >, which are purported to represent archaea with eukaryotic cell complexity, and the
Candidate Phyla Radiation (CPR), a novel domain level taxon erected solely on the basis of
metagenomic data’. However, it has escaped the attention of most biologists that these
metagenomic sequences are not assembled into genomes by sequence overlap, as for cultured
archaea and bacteria. Instead, short contigs are sorted into computer files by a process called
binning in which they receive taxonomic assignment on the basis of sequence properties like
GC content, dinucleotide frequencies, and stoichiometric co-occurrence across samples.
Consequently, they are not genome sequences as we know them, reflecting the gene content of
real organisms. Rather they are metagenome assembled genomes (MAGs). Debates that Asgard
data are contaminated with individual eukaryotic sequences’ ’ are overshadowed by the more
pressing issue that no evidence exists to indicate that any sequences in binned Asgard MAGs
actually stem from the same chromosome, as opposed to simply stemming from the same
environment. Here we show that Asgard and CPR MAGs fail spectacularly to meet the most
basic phylogenetic criterion® fulfilled by genome sequences of all cultured prokaryotes
investigated to date: the ribosomal proteins of Asgard and CPR MAGs do not share common
evolutionary histories. Their phylogenetic behavior is anomalous to a degree never observed
with genomes of real organisms. CPR and Asgard MAGs are binning artefacts, assembled from
environments where up to 90% of the DNA is from dead cells’ '>. Asgard and CPR MAGs are
unnatural constructs, genome-like patchworks of genes that have been stitched together into

computer files by binning.

The sequencing of environmental DNA (metagenomics) has become an essential tool of
modern science because it allows microbiologists to uncover the existence of genes and species
in environments such as marine sediment or the deep biosphere from which representatives

.. . . 15 .
d'*'*. Initially an endeavor involving rRNA sequences'”, metagenomic

cannot readily be culture
investigations have led to the binning-assembly and deposition in databases of MAGs,
sequences of similar GC content and stoichiometry across samples. Because rRNA has limited
phylogenetic resolution, concatenated sequences of ribosomal proteins (r-proteins) and other
universally distributed proteins are commonly used for phylogeny. This practice is well
established with over 20 years of tradition, whereby the validity of using concatenated r-

proteins for phylogeny lies in the reproducible crosschecking result that individual r-proteins
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16-21 .
. Based in such

from the same sequenced genome give the same or very similar trees
precedence, it became common practice to use concatenated r-proteins from sequenced
genomes for microbial phylogeny without first crosschecking whether the individual proteins
gave similar trees. That no-crosscheck practice has however been blindly extended to MAGs,
which is unfounded because there is no independent evidence from overlapping genome
assembly procedures that the 20-30 r-proteins used for phylogeny in a given MAG are encoded
in one and the same genome. They could easily stem from DNA fragments of 20-30 different
genomes that simply occur in the same environment. This problem is exacerbated by the
circumstance that up to 90% of sequenceable DNA in some environments such as marine
sediment is not packaged in cells but is extracellular DNA (eDNA) from dead cells or biofilms’~

"2 whereby the proportion of eDNA varies across environments and changes over geological

. 13-14
time .

Given the unprecedented nature of claims regarding complex archaea in Asgard™® and the
existence of the CPR, methods to validate phylogenies based on universal and r-proteins from
MAGs are needed. We turned to a fundamental principle known from the earliest days of
phylogenetic testing: proteins with a shared evolutionary history should generate the same or
similar trees®. For genomic DNA from cultivated prokaryotic organisms, hereafter referred to
as organismal DNA (orgDNA) it is known that different r-proteins produce the same tree or

16-21

very similar trees ~ ~. Yet even for r-proteins that share a common evolutionary history, their

trees will differ to some extent owing to practical and theoretical limitations of phylogenetic

inference!® %

. The extent of natural variation across r-protein trees for orgDNA can however
be determined empirically by simply comparing the r-protein trees for a given genome set.
Using that natural distribution as a reference, we can then ask whether MAGs fulfill the same
criterion, that is, do trees for r-proteins from MAGs resemble each other to the same or to a

lesser degree than trees based on orgDNA, and if they differ, is the difference significant?

We assembled alignments of proteins from orgDNA and from MAGs (see Methods) that are
universal or nearly so among archaeal genomes. That is the procedure underpinning the taxon
assignment in the phylogenetic trees that purport to describe the relationship of MAGs from
Asgard samples to orgDNA"". We first generated alignments for 39 different proteins that are
present in all members of a large and diverse sample of archaeal orgDNA and archaeal MAGs.
For orgDNA, we generated phylogenetic trees for each alignment individually and asked how

similar the trees are to one another using the simple but robust Robison-Foulds pairwise
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distance measure ** (Fig. 1a). We asked the same question for the same proteins using archaeal
MAGs. The result (Fig. 1b) shows that in phylogenetic terms, archacal MAGs behave in a
fundamentally different manner from orgDNA in two respects. First, orgDNA trees are much
more similar to one another than MAG trees are. Second, the 23 ribosomal proteins (including
secY, which is ribosomal for co-translational insertion) and 16 other proteins universally
distributed within the genome sample show no difference in their ability to recover
approximately the same tree for orgDNA but the same is not true for archacal MAGs (light
shading in Fig. 1b, see scale bar). This distinctly bimodal distribution of phylogenetic behavior
for the 39 Asgard MAG proteins is not observed for orgDNA.
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Fig. 1 | Pairwise Robinson-Foulds distance between trees for universal archaeal
proteins. Pairwise distance between phylogenetic trees of 39 universal proteins were
calculated using the Robinson-Foulds metric and plotted in (a) for a sample of 30
archaeal genomes from RefSeq and (b) for a sample of 30 archacal MAGs. The
differences among trees for these archaeal proteins in RefSeq reflects the natural
variation for sequenced genomes from cultured archaea. The archaeal MAGs, while
having a lower degree of congruence between the trees overall, cluster into two major
discernable groups with one composed largely of ribosomal proteins. It is evident that
r-protein trees in archaeal MAGs are more similar to each other than trees for non-
ribosomal proteins. The scale bar applies to both panels.

To quantify these differences, we plotted the distribution of pairwise similarity across 39 trees
for ten different samples of 30 genomes each from RefSeq archaea (Supplementary Fig. S1)
and 30 archaeal MAGs. The distribution for archaeal MAGs, which include Lokiarchaeum and
Asgard archaea, is distinctly bimodal using four different tree comparison methods (Fig. 2a).
Note that the distributions for trees from archaeal MAGs are always shifted towards higher

pairwise distances between trees. We plotted the curves for the 23 ribosomal proteins against
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the 16 other universal proteins (including RNaseH, DNA primase, polA and polB) (Fig. 2b,
Fig. 2¢). The phylogenetic behavior of archacal MAGs is obviously and significantly different
from archaeal orgDNA. The distribution of tree dissimilarity scores across r-proteins from
MAG:s is significantly larger than the corresponding values for orgDNA, with p-values ranging
from 10%° to 10" (two-tailed Kolmogorov-Smirnov test) depending on the tree comparison
metric (Fig. 2b) (see Methods and Supplementary Table S3b). The probability that the
distribution of tree dissimilarities across non-ribosomal proteins from MAGs is drawn from the

0—48

same distribution as the corresponding value for orgDNA ranges from 10 ** to 10, depending

on the tree comparison metric (see Methods and Supplementary Table S1c).
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Fig. 2 | Distribution of pairwise tree-distances between RefSeq and metagenomes:
The pairwise comparisons of tree distances computed using four different metrics (see
Methods) are shown. In each case, a matched set of proteins present in MAGs and 10
random samples from RefSeq are taken to plot comparable distributions. The MAG
sample is always shown in red. (a) Trees for 39 universal proteins from 30 archaeal
MAGs are compared with trees for the 39 homologues from 10 samples of 30 archaeal
RefSeq genomes (b) Trees for 23 ribosomal proteins from 30 archaeal MAGs are
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compared with those from 10 samples of 30 archaeal RefSeq genomes. Note that the mean
topological distance between trees is higher for the MAGs when compared with RefSeq
genomes. (¢) Trees for 16 non-ribosomal proteins from 30 archaecal MAGs are compared
with those from 10 samples of 30 archaeal RefSeq genomes. (d) Trees for 16 ribosomal
proteins from 30 candidate phyla radiation CPR MAGs from ref. 4 are compared with
those from 10 samples of 30 bacterial RefSeq genomes. (e) Trees for 20 ribosomal
proteins from non-CPR 30 bacterial MAGs are compared with those from 10 samples of
30 RefSeq genomes. In all panels, blue curves represent the 10 independent reference
samples while the red curve represents the MAGs. The largest FDR corrected p-value
(two-tailed Kolmogorow-Smirnow test) from comparisons between the MAG sample and
each RefSeq sample is indicated in red while the smallest p-value is indicated in blue (see
Methods).

This effect is not due to greater phylogenetic depth or greater sequence divergence of ribosomal
proteins in archaeal MAGs relative to orgDNA, as shown by the distributions of pairwise
uncorrected p-distances for Asgard MAGs and orgDNA for each protein in the sample
(Supplementary Fig. S4, S5). Many phylogenetic analyses involving MAG data employ site-
filtering procedures to remove sites from the sequence alignment'>'"*>*° To check whether
site filtering affects the phylogenetic anomaly of Asgard MAGs, we trimmed alignments (see
Methods) as in earlier analyses'” and recalculated the trees and comparisons. As shown in
Extended data 1, site filtering does not improve MAG phylogenetic behaviour. The Asgard

MAGs have a severe, systematic and previously undetected phylogenetic anomaly.

Is the MAG phylogenetic anomaly archaeal specific? For bacteria, we investigated whether
MAG bins from the Candidate Phyla Radiation (CPR) group showed the same effect. The
probability that the distribution of tree similarities across 16 ribosomal proteins from CPR
MAGs is drawn from the same distribution as the corresponding value for bacterial orgDNA
ranges from 10" to 10, depending on the tree comparison metric (Fig. 2d). For bacteria there
are more metagenomes available than for archaeca. We obtained metagenomic assemblies for
bacteria from RefSeq that do not belong to the CPR and applied the same test. Similar to
archacal MAGs and CPR MAGs, for bacterial MAGs that do not stem from the CPR, the
distribution of tree similarities across r-proteins from MAGs is different from bacterial orgDNA

for the four tree comparison metrics when compared to the reference (Fig. 2e).

To see if all MAGs reveal the same binning problem, we repeated the tree comparison metrics
on 10 additional samples each of non-asgard archacal MAGs, CPR MAGs and non-CPR
bacterial MAGs (Supplementary Fig. S7). We find that archaeal MAG r-protein samples from

the Tara ocean genome project generated by binning methods are not fundamentally anomalous
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in their phylogenetic behavior, although trees for non-r-proteins from the Tara data are
significantly different (Supplementary Fig. S37). The data behind the two most spectacular
phylogenetic claims reported so far from metagenomics — the Asgard and CPR MAGs —
behave in an unnatural manner (Fig. 1, Fig. 2, Extended data 1, Supplementary Fig. S7).
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Fig. 3 | Neighbor-Nets reconstructed from concatenated alignments of 23 ribosomal
proteins for archaeal reference samples and archaeal MAGs. (a) The Neighbor-Net
of a concatenated alignment of 23 ribosomal proteins in the archaeal reference sample
ARS3001 shows very little conflict throughout, resulting in a tree-like network with 16
well supported splits (indicated with red dots). (b) A Neighbor net drawn from a
concatenated alignment of the same 23 ribosomal proteins from Asgard archacal MAGs
results in a network with a star-like structure. The insets magnify the central area of
interest to better highlight the difference of signals of the two networks.

In the worst case, the phylogenies generated by MAGs could share no better than random
similarity, reflecting trees of proteins encoded by DNA of similar sequence properties but of
unlinked phylogenetic histories. To visualize the effect of randomization we employed a

standard network method, Neighbor-Net (NNet)”’. The NNet for r-proteins sampling
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crenarchaeal and euryarchaeal orgDNA is extremely tree-like, with 16 strong, low conflict
splits indicated in the figure (Fig. 3a), reflecting highly congruent phylogenetic signals across
r-proteins from diverse cultivated archaea (Fig. 1a, Fig. 2b). An NNet for Asgard archaeal
MAG:s is shown in Fig. 3b, revealing one split in the data, that separating Thorachaeca MAGs
from the rest. The phylogenetic congruence across r-proteins in the remaining 21 archaeal
MAGs is not different from random, as shown by randomizing the source of sequences in
individual ribosomal protein alignments, used for concatenation and NNet plots (Extended Data
2). NNets for bacterial orgDNA from RefSeq comapred to CPR MAGs reveal the same result
(Extended Data 3).
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Fig. 4 | Tree compatibility scores for samples of tree reconstructed from orgDNA
and metDNA. Cumulative distribution of tree incompatibility scores within sets of gene
trees. In each case every curve represents a set of 30 organisms where the RefSeq samples
are shown in shades of blue and the MAG sample is always shown in red (a) Trees for
39 universal proteins sampled from 10 archaeal RefSeq genomes vs Asgard MAGs, (b)
Trees for a subset of 23 ribosomal proteins sampled from 10 archaeal RefSeq genomes
vs Asgard MAGs (c) Trees for the complement set of 16 non-ribosomal proteins sampled
from 10 archaeal RefSeq genomes vs Asgard MAGs. (d) Trees for 16 ribosomal proteins
sampled from 10 bacterial RefSeq genomes vs CPR MAGs and (e) Trees for 20 ribosomal
proteins sampled from 10 bacterial RefSeq genomes vs non-CPR bacterial MAGs.

As a further independent test for tree similarity, we examined the phylogenetic compatibility
within MAG and orgDNA tree sets (see Methods) by scoring the compatibility of each r-protein
tree against all other trees from the same set®. Again, r-proteins from genomes of cultured

organisms produced trees that are very similar to each other, as they should be'*>'

, While trees
for r-proteins from MAGs were different from each other to an extent that is not observed for

unbinned data (Fig. 4, Supplementary Fig. S8). The differences in cumulative distribution
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frequencies are obvious (Fig. 4) and highly significant (p = 10'¥, two-tailed Kolmogorov-

Smirnov test).

Our analyses reveal that the new archaecal MAGs called Lokiarchaea and Asgard archaea, as
well as the new CPR lineages, which are all represented by binned MAGs only, are binning
artefacts for the proteins that — more so than any others known — should generate similar trees
for prokaryotic lineages. Crucially, the name and rank of Asgard archaea and CPR taxa are
defined by their r-protein phylogenies. These r-proteins are, however, not linked by common
ancestry rather they are stitched together from sequences in same environment into
computational bins that are assigned an organism-like taxonomic label. For non-ribosomal
proteins the problem is much more severe than for r-proteins themselves. This has gone hitherto
unnoticed because no one has tested whether the MAGs show natural phylogenetic properties
like sequences from closed genomes do. A closed genome was recently reported for an
anaerobic fermenting archaeon from sediment (sister to Crenarchaeoata termed Candidatus
Prometheoarchaeum syntrophicum strain MK-D1) that branches as the sister to eukaryotes in
the absence of MAG data; it is small (0.5 pm diameter), lacking endomembrane system, and
not phagocytosing®. There have been challenges posed to individual protein sequences present
in Asgard MAGs>**°. Our findings reveal that the Asgard data problem is deeply rooted and is
furthermore systematic. There are real organisms in sediment”, but Asgard and CPR MAGs do

not represent real organisms.

Methods:

Identification of homologs of ribosomal proteins in RefSeq genomes

Ribosomal protein clusters for Archaea and Bacteria were retrieved from UniProt (Jan 2019).
These clusters were used for a BLAST against the RefSeq 2016 database consisting of 5443
bacteria and 212 archaea with an identity threshold of 25% and an e-value cut-off of 10™. The
RefSeq dataset was further subsampled for groups of 30 organisms that reflect the full breadth
of taxonomic distribution for the complete dataset for bacteria and archaea, respectively, to
generate 10 reference samples each with 30 species or operational taxonomic units (OTUs) for
archaea and 10 reference samples each with 30 species (OTUs) for bacteria. That is, the
reference orgDNA samples were chosen to sample as much phylogenetic diversity, depth and
breadth as prokaryotic RefSeq data have to offer (for more information see Supplementary

Table 1 Supplementary Table 2; Supplementary Fig. S1; Supplementary Fig. S2).
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Phylogenetic tree construction

For each group (Archaea, Bacteria and CPR) matching sets of ribosomal proteins for each
sample were chosen based on their universal presence in all 30 OTUs in the 10 reference sets
as well as in the metagenomes. Maximum-likelihood trees were calculated using [Q-tree with
the model set to the General matrix model by Le and Gascuel (LG) following an alignment

performed using MAFFT (linsi)*'

Comparisons of phylogenetic trees

The pairwise distances between trees were calculated by 4 different tree comparison methods
(ALIGN’? | NODE?*’, RF** and RFK’*) (described in Kuhner and Yamato®”) and the Kernel
Density Estimate (KDE) of the histogram resulting from the pairwise distances between trees
were plotted. Pairs of distributions were compared using a two-sample KS test to test if the two
distributions are similar. The p-values for each set of comparisons were corrected for multiple
comparisons using the Benjamin Hochberg procedure (Please see Supplementary Tables S3-5

for the full list of p-values for each comparison)

Neighbour-Net analysis

Alignments of ribosomal proteins for each RefSeq sample and MAG sample were concatenated
and used to draw a Neighbor-Net *” using SplitsTree5 using the standard parameters. For the
randomization, the 23 ribosomal proteins of the 30 organisms from the archaeal reference
sample ARS3001 were scrambled such that each of the 30 organisms now had a random
collection of the 23 ribosomal proteins. This results in each of the 30 organisms having a
collection of ribosomal proteins from different organisms and therefore different evolutionary

histories.

BMGE based Trimming

In order to check if trimming the alignment to only retain sites with sufficient information Block
Mapping and Gathering Entropy (BMGE)*® was used with the default settings with the
BLOSUM30 substitution matrix. To ensure uniformity, all sequences of a protein (from each
of the 10 reference samples and the MAGs) were combined together and aligned again with
MAFFT (linsi). This combined alignment was then trimmed with BMGE and then separated
into the 11 samples respectively. Trees were then drawn from the trimmed alignments as

described before and the trees were compared.

10
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Incompatibility scores for a set of phylogenetic trees with equal OTUs

For a set of phylogenetic trees 7 we calculated compatibility scores for each tree ¢ in the set as
follows: Each n OTU tree in the set was decomposed into its (n-3) splits. A split, s; from tree
t; is considered compatible with tree ¢, if s; is compatible with all splits present in #,. The
compatibility of a split s with the complete set of trees 7 is defined as the fraction of trees in 7'
that are compatible with s. Finally, the compatibility of a tree ¢ with a reference set of trees 7' is
defined as the mean compatibility observed among its splits. The differences in the distributions
of tree compatibility scores for the two sets of trees was assessed using the two-tailed
Kolmogorov—Smirnov test. (please see Supplementary Tables S6-8 which contain the p-values

for each comparison).
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Extended Data 1 | Distribution of pairwise tree-distances between MAGs and RefSeq after site exlusion: In order
to test whether the topological inconsistency that we observe for MAG samples in Fig. 2 was due to phylogenetic effects
stemming from highly variable sites, we trimmed sites from the alignment using BMGE?*. In each case, alignments for
a matched universal set of proteins from MAGs (shown in red) and 10 random samples of RefSeq (shown in shades of
blue) were subjected to site exclusion, tree construction and comparison. Relative to Fig. 2, site-exclusion®*® does not
increase or detract from the topological consistency of trees within a set. (a) Trees for 39 universal proteins (site
excluded alignments) from 30 Asgard archaeal MAGs are compared with those from 10 samples of 30 archaeal RefSeq
genomes. (b) Trees for 23 ribosomal proteins (site excluded alignments) from Asgard archaeal MAGs are compared with
those from archaeal RefSeq genomes. (¢) Trees for 16 non-ribosomal proteins (site excluded alignments) from archaeal
MAGs are compared with those from archaeal RefSeq genomes. (d) Trees for 16 ribosomal proteins (site excluded
alignments) from CPR MAGs are compared with those from bacterial RefSeq genomes. (e) Trees for 20 ribosomal
proteins from bacterial MAGs are compared with those from 10 samples of 30 RefSeq genomes. Note that the
comparison of (r-protein or other) tree similarity within and between sets of genomes reported here is distinct from the
inspection of individual genomes in which the position of one new set of (r-protein) sequences in a genome would be

added to a reference system of closed genomes to be tested for statistical inconsistency in branching behaviour.
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Extended Data 2 | Neighbor-Nets reconstructed from concatenated alignments of 23 ribosomal proteins following
randomization. (a) The Neighbor-Net of a concatenated alignment of 23 ribosomal proteins in the archaeal reference
sample ARS3001 (Supplementary Fig. S1) shows very little conflict throughout, resulting in a tree-like network with 16
well supported splits (indicated with red dots). (b) Before generating a concatenated alignment, the 23 r-proteins from
the 30 genomes in the RefSeq sample (file number ARS3001) were randomly redistributed. These scrambled genomes,

indicated with the prefix rnd, were used to reconstruct a NNet, generated a star-like structure very similar to that of the

Asgard archaeal MAG NNet in Fig. 3b.
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Extended Data 3 | Neighbor-Nets reconstructed from concatenated alignments of 16 ribosomal proteins for
bacterial reference samples and CPR MAGs. (a) The Neighbor-Net of a concatenated alignment of 16 ribosomal
proteins in the bacterial reference sample BRS3001 shows very little conflict throughout, resulting in a tree-like network.
(b) A Neighbor net drawn from a concatenated alignment of the same 16 ribosomal proteins from CPR MAGs results in
a network with a star-like structure. The insets magnify the central area of interest to better highlight the difference

between the two networks.
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