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Abstract

Metagenomic studiespermit theexplorationofmicrobialdiversity inadefinedhabitat, andbinningproceduresenablephylogenomic

analyses, taxon description, and even phenotypic characterizations in the absence of morphological evidence. Such lineages include

asgard archaea, which were initially reported to represent archaea with eukaryotic cell complexity, although the first images of such

an archaeon show simple cells with prokaryotic characteristics. However, these metagenome-assembled genomes (MAGs) might

suffer fromdataqualityproblemsnotencountered in sequences fromculturedorganismsdue to twocommonanalytical procedures

of bioinformatics: assembly of metagenomic sequences and binning of assembled sequences on the basis of innate sequence

properties and abundance across samples. Consequently, genomic sequences of distantly related taxa, or domains, can in principle

be assigned to the same MAG and result in chimeric sequences. The impacts of low-quality or chimeric MAGs on phylogenomic and

metabolic prediction remain unknown. Debates that asgard archaeal data are contaminated with eukaryotic sequences are over-

shadowed by the lack of evidence indicating that individual asgard MAGs stem from the same chromosome. Here, we show that

universal proteins including ribosomal proteins of asgard archaeal MAGs fail to meet the basic phylogenetic criterion fulfilled by

genomesequences of culturedarchaea investigated todate: Theseproteinsdonot share commonevolutionary histories to the same

extent as pure culture genomes do, pointing to a chimeric nature of asgard archaeal MAGs. Our analysis suggests that some asgard

archaeal MAGs represent unnatural constructs, genome-like patchworks of genes resulting from assembly and/or the binning

process.
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Significance

Metagenomics, while permitting microbiologists to study complex environments and unculturable microbes, is fun-

damentally a series of computer algorithms extracting information from sequence data. Using a basic principle un-

derpinning our current understanding of phylogenetics, we show that some MAGs can be chimeric. This issue al-

though mitigated by careful curation and generation of closed genomes warrants immediate attention in order to

mitigate the effects of chimeric MAGs like those of asgard archaea, in bioinformatic databases leading to snowballing

errors in further analyses.
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Introduction

The sequencing of environmental microbial DNA (metage-

nomics) allows microbiologists to uncover the existence of

genes from a species mix in environments such as marine

sediment or the deep biosphere, from which representatives

cannot readily be cultured (Torsvik et al. 1996; Handelsman

et al. 1998) revealing what is commonly referred to as micro-

bial dark matter (Marcy et al. 2007; Rinke et al. 2013; Bernard

et al. 2018). Metagenomic investigations have led to the re-

construction of archaeal and bacterial metagenome-

assembled genomes (MAGs) from environmental shotgun se-

quencing data by using metagenomic assembly that is fol-

lowed by the binning of assembled sequences based on GC

content, nucleotide frequency, and stoichiometry co-

occurrence across samples (Breitwieser et al. 2019). Binning

is a crucial step in the reconstruction of MAGs because it

assigns metagenomic sequences to a genome, a procedure

that is not required in the case of cultured organisms.

Because rRNA has limited phylogenetic resolution,

concatenated sequences of ribosomal proteins (r-proteins)

and other universally distributed proteins are now commonly

used for phylogeny even though concatenation has its own

caveats (Thiergart et al. 2014). 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

crosscheck that individual r-proteins from the same se-

quenced genome give the same or very similar trees

(Hansmann and Martin 2000; Brown et al. 2001; Nesbø

et al. 2001; Daubin et al. 2002; Matte-Tailliez et al. 2002;

Martin 2003). Based on such 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 prac-

tice has been extended to MAGs, which is potentially prob-

lematic because there is no independent evidence that the

20–30 r-proteins used for phylogeny in a given MAG are

encoded in one and the same genome. Potentially, a MAG

could stem from DNA fragments of multiple genomes that

occur in the same environment in which up to 90% of DNA

could be extracellular (Dell’Anno et al. 2002; Dell’Anno and

Danovaro 2005; Torti et al. 2015; Nagler et al. 2018).

Consequently, the basic assumption of common binning

algorithms—sequences from the same cell share the same

abundance profile across samples—might not always hold

true.

Given the unprecedented speculations regarding the cellu-

lar complexity of asgard archaea (Spang et al. 2015; Eme et al.

2017; Zaremba-Niedzwiedzka et al. 2017; Akıl and Robinson

2018; Cunha et al. 2018); especially in light of the noncom-

plex phenotype of the first enriched and imaged cells from the

these metagenomic assemblies (Imachi et al. 2020), 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 (Robinson and Foulds 1981; Penny

et al. 1982). For genomic DNA from cultivated and isolated

prokaryotic organisms, hereafter referred to as pure culture

genomes (PCGs) it is known that different r-proteins produce

the same tree or similar trees (Hansmann and Martin 2000;

Brown et al. 2001; Nesbø et al. 2001; Daubin et al. 2002;

Matte-Tailliez et al. 2002; Martin 2003). Yet even for r-pro-

teins that share a common evolutionary history, their trees will

differ to some extent owing to practical and theoretical limi-

tations of phylogenetic inference (Hansmann and Martin

2000; Stephen et al., 1996 Martin, 1998 (Steel et al.,

2000) ; Brown et al. 2001; Nesbø et al. 2001; Daubin et al.

2002; Matte-Tailliez et al. 2002; Martin 2003; Shen et al.

2017). The extent of natural variation across r-protein trees

for PCGs can however be determined empirically by simply

comparing the r-protein trees for a given genome set. Using

that natural distribution as a reference, one can 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 PCGs, and if they differ, is the

difference significant?

Results

We performed individual alignments of proteins that are uni-

versal, or nearly so, among archaeal genomes from PCGs

(Archaeal PCGs) and a set of selected archaeal MAGs con-

taining asgard archaea (hereafter asgard MAGs) (see

Materials and Methods; supplementary figs. S1 and S2 and

tables S1 and S2, Supplementary Material online) in order to

compare their phylogenetic properties with regard to consis-

tent phylogenies among proteins. We first generated align-

ments for 39 different proteins that are present in all

members of a large and diverse sample of archaeal PCGs

and asgard MAGs. For the Archaeal PCGs, we generated

phylogenetic trees for each alignment individually and asked

how similar the trees are to one another using the robust

Robison–Foulds pairwise distance measure (Robinson and

Foulds 1981) (fig. 1A). We asked the same question for the

same proteins for asgard MAGs. The result (fig. 1B) shows

that in phylogenetic terms, asgard MAGs behave in a manner

fundamentally different from Archaeal PCGs in two aspects.

First, archaeal PCGs trees are more similar to one another

than asgard MAG trees are. Second, the 23 ribosomal pro-

teins (including secY, which is ribosomal for cotranslational

insertion) and 16 other proteins universally distributed within

the genome sample show little difference in their ability to

recover approximately the same tree for archaeal PCGs, but

obvious differences for asgard MAGs (light shading in fig. 1B,

see scale bar). The evident bimodal distribution of phyloge-

netic behavior for the 39 asgard MAG proteins is not observed

for PCGs.
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To quantify these differences, we plotted the distribution

of pairwise similarity across 39 trees for ten different samples

of archaeal PCGs containing 30 genomes each from RefSeq

archaea and compared it with the asgard MAGs sample. The

distribution for asgard MAGs, which include Lokiarchaeum

and other asgard archaea, appears bimodal using four differ-

ent tree comparison methods (fig. 2A). Note that the distri-

butions for trees from archaeal MAGs are always shifted

toward higher pairwise distances between trees. We plotted

the curves for the 23 ribosomal proteins against the 16 other

universal proteins (including RNaseH, DNA primase, polA, and

polB) (fig. 2B and C). The phylogenetic behavior of asgard

MAGs appears different from all ten Archaeal PCG samples.

The distribution of tree dissimilarity scores across r-proteins

from asgard MAGs is significantly larger than the correspond-

ing values for archaeal PCGs, with P values ranging from

10�26 to 10�139 (two-tailed Kolmogorov–Smirnov test)

depending on the tree comparison metric (fig. 2B) (see

Materials and Methods and supplementary table S3B,

Supplementary Material online). The probability that the dis-

tribution of tree dissimilarities across nonribosomal proteins

from asgard MAGs is drawn from the same distribution as the

corresponding value for archaeal PCGs ranges from 10�48 to

10�66, depending on the tree comparison metric (see

Materials and Methods and supplementary table S3C,

Supplementary Material online).

This difference in phylogenetic behavior does not appear to

be due to greater phylogenetic depth or greater sequence

divergence of ribosomal proteins in asgard MAGs relative to

PCGs, as shown by the distributions of pairwise uncorrected

p-distances for asgard MAGs and PCGs for each protein in the

sample (supplementary figs. S3 and S4, Supplementary

Material online). Despite our careful genome selection proce-

dure to assemble bacteria and archaea data sets to reflect the

known phylum-level diversity (supplementary figs. S1 and S2,

Supplementary Material online) (not order-level or any other

taxon-level because the debates are about novel phyla), a

tenacious critic could still suggest that the higher incongru-

ence of gene trees from MAGs may be readily explained by

differences in phylogenetic distribution in the data. If MAGs

are deeper-branching in comparison to RefSeq genomes,

then MAG-derived trees will inevitably show reduced congru-

ence as a result of artifacts from phylogenetic reconstructions

(not sequence-binning errors) and possibly the more pro-

nounced effects of lateral gene transfer. This possibility, how-

ever, is resoundingly rejected by the results of a simple yet

informative experiment: For each matched sample, we quan-

tified the phylogenetic depth of MAGs and RefSeq trees

A B

FIG. 1.—Pairwise Robinson–Foulds distance between trees for universal archaeal proteins. Pairwise distance between phylogenetic trees of 39 universal

proteins was calculated using the Robinson–Foulds metric and plotted in (A) for a sample of 30 archaeal genomes from RefSeq (archaeal PCGs; supple-

mentary table S1, Supplementary Material online) and (B) for a sample of 30 archaeal metagenomes including asgards (asgard archaeal MAGs; Materials and

Methods section; supplementary table S2, Supplementary Material online). The differences among the phylogenetic trees for the proteins in archaeal PCGs

reflect the natural variation for sequenced genomes from cultured archaea. The asgard 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 nonribosomal proteins. The scale bar applies to both panels.
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independently, measured as the mean root-to-tip distances

across the rooted topologies (see Materials and Methods for

details). For the asgard metagenomes, we found that al-

though the root to tip distances for the 16 nonribosomal

proteins are significantly different from the archaeal PCGs,

the 23 ribosomal proteins including SecY agree with each

other (fig. 3A and supplementary table S4, Supplementary

Material online). This recapitulates what we have observed

with the bimodal distribution for tree dissimilarity scores

(figs. 1 and 2A–C) when looking at the 39 universal single-

copy genes of archaea.

Many phylogenetic analyses involving MAG data employ

site-filtering procedures to remove sites from the sequence

alignment (Hansmann and Martin 2000; Talavera and

A

B

C

D

E

FIG. 2.—Distribution of pairwise tree-distances between PCGs and MAGs: The pairwise comparisons of tree distances computed using four different

metrics (see Materials and Methods) are shown. In each case, a matched set of proteins present in MAGs and ten random samples from RefSeq to make up

the PCG samples are taken to plot comparable distributions. The MAG sample is always shown in red. (A) Trees for 39 universal proteins from 30 asgard

archaeal MAGs are compared with trees for the 39 homologues from ten samples of 30 archaeal PCGs. (B) Trees for 23 ribosomal proteins from 30 asgard

archaeal MAGs are compared with those from ten samples of 30 archaeal PCGs. Note that the mean topological distance between trees is higher for the

asgard archaeal MAGs when compared with archaeal PCGs. (C) Trees for 16 nonribosomal proteins from 30 asgard archaeal MAGs are compared with those

from ten samples of 30 archaeal PCGs. (D) Trees for 16 ribosomal proteins from 30 candidate phyla radiation (CPR) MAGs from Hug et al. (2016) are

compared with those from ten samples comprising 30 bacterial PCGs each. (E) Trees for 20 ribosomal proteins from a non-CPR bacterial MAG sample are

compared with those from ten samples of 30 bacterial PCGs each. In all panels, blue curves represent the respective ten independent PCG samples, whereas

the red curve represents the respective MAGs. The largest FDR corrected P value (two-tailed Kolmogorow–Smirnov test) from comparisons between the

MAG sample and the respective PCG samples is indicated in red, whereas the smallest P value is indicated in blue (see Materials and Methods).
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Castresana 2007; Spang et al. 2015; Zaremba-Niedzwiedzka

et al. 2017; Fan et al. 2020). To check whether site filtering

affects the phylogenetic anomaly of asgard MAGs, we

trimmed alignments (see Materials and Methods) as in earlier

analyses and recalculated the trees and comparisons. As

shown in supplementary figure S7, Supplementary Material

online, site filtering does not improve MAG phylogenetic be-

havior (P values in supplementary table S5, Supplementary

Material online). The asgard MAGs have a systematic and

previously undetected phylogenetic anomaly.

Is the MAG phylogenetic anomaly asgard specific? We ex-

amined ten additional nonasgard archaeal MAGs from vari-

ous metagenome sequencing projects by repeating the tree

comparison metrics (see Materials and Methods). Ribosomal

protein samples from nonasgard archaeal MAGs from marine

surface metagenomes that were generated by binning meth-

ods are not fundamentally anomalous in their phylogenetic

behavior, although trees for non-r-proteins from this ex-

tended data set are significantly different (supplementary

fig. S8A–E and table S6, Supplementary Material online).

Furthermore, within the asgard Metagenomes sample, we

have used 16 published asgard MAGs together with 14 non-

asgard archaeal MAGs. In order to determine the effect of

mixing asgard and nonasgard MAGs, we replaced the r-pro-

teins of the 14 nonasgard MAGs with nonasgard archaeal

MAGs from the Marine group II (supplementary table S2,

Supplementary Material online) and with r-proteins from ar-

chaeal PCGs. Although the degree of phylogenetic incongru-

ence is lower due to the addition of marine surface MAGs or

RefSeq PCGs, the difference is still significantly higher (P value

<10�27; supplementary fig. S9 and table S7, Supplementary

Material online) for two of the tree comparison metrics. Thus,

it is the asgard MAGs in the sample that are phylogenetically

anomalous with minimal contribution to the r-protein tree

incongruence by the other nonasgard archaeal MAGs or ar-

chaeal PCGs.

For bacteria, we investigated whether MAGs from the can-

didate phyla radiation (CPR) group of bacteria showed a sim-

ilar 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 PCGs is also significantly different, in all tree

comparison metrics (fig. 2D). Similar to CPR MAGs, for bac-

terial MAGs that do not stem from the CPR, the distribution of

tree similarities across r-proteins from MAGs is significantly

different from bacterial PCGs for the four tree comparison

metrics when compared with the reference (fig. 2E). The in-

vestigation of ten additional samples of non-CPR and CPR

MAGs generated similar results (supplementary fig. S8D and

E, Supplementary Material online). We also looked at the

contribution of phylogenetic depth using the root to tip dis-

tances for the bacterial comparisons. For the CPR MAG sam-

ple and the bacterial MAG sample, whereas there are no

differences between the metagenomes and PCGs, a few of

the Reference Samples show significant differences in the dis-

tribution of root-to-tip distances within themselves (supple-

mentary table S4, Supplementary Material online). Since we

are primarily comparing metagenome samples to PCGs, this

difference can be overlooked for the purposes of our conclu-

sions (fig. 3B and C; supplementary table S4, Supplementary

Material online). Together, these results are in line with our

findings of aberrant phylogenetic behavior of MAG-derived

trees stemming from sequence-binning errors.

The quality of MAGs is typically assessed using bioinfor-

matic tools such as CheckM (Parks et al. 2015), a pipeline

that uses lineage-specific marker proteins to determine

A B C

FIG. 3.—Comparison of mean root to tip distances between MAGs and PCGs. (A) The mean root to tip distances of rooted trees for each of the 39

universal archaeal proteins from the asgard archaeal metagenomes versus an archaeal reference sample (the 16 nonribosomal proteins are shown in purple).

(B) The mean root to tip distance of rooted trees for each of the 16 universal ribosomal proteins from CPR metagenomes versus a bacterial reference sample.

(C) The mean root to tip distance of rooted trees for each of the 21 universal ribosomal proteins from bacterial metagenomes versus a bacterial reference

sample. The FDR corrected P value (two-tailed Kolmogorow–Smirnow test) from comparisons between the MAG sample and each RefSeq sample is

indicated. The P values for the 16 nonribosomal proteins is indicated separately in purple (see Materials and Methods).
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completeness and contamination of a given MAG. Although

both parameters are informative, CheckM does not assess the

phylogeny of the marker proteins. As a consequence, chime-

ric MAGs containing ribosomal proteins of diverse ancestry

can receive a high completeness or low contamination score.

We compared archaeal MAGs spanning a range of CheckM

completeness values (fig. 4). Phylogenetic incongruence of

trees in MAGs with 90% completeness or more is higher

than those with a completeness between 70% and 80%

(fig. 4 and supplementary table S8, Supplementary Material

online). This reveals that while CheckM looks for the com-

pleteness of a genome by looking at single-copy marker genes

it does not look for phylogenetic congrunce of those marker

genes. Furthermore, several closed circular genomes have

been recovered from metagenomic surveys (Anantharaman

et al. 2016). MAGs reported as closed and high-quality draft

genomes from the CPR reveal distributions of tree similarity

scores of r-proteins that are similar to bacterial PCGs (supple-

mentary fig. S10 and table S9, Supplementary Material on-

line). These analyses indicate that while r-proteins from asgard

MAGs fail to provide congruent phylogenies, it is possible for

metagenomic binning to generate draft and closed genomes

whose r-proteins show evidence for coevolution.

In the worst case, the phylogenies generated by r-proteins

of MAGs might share no better than random similarity,

reflecting trees of proteins encoded by DNA of similar se-

quence properties but perhaps of unlinked phylogenetic his-

tories. To visualize an effect of randomization, we employed a

standard network method, Neighbor-Net (NNet) (Bryant and

Moulton 2003). The NNet for r-proteins sampling crenarch-

aeal and euryarchaeal PCGs is extremely tree-like, with 16

strong, low conflict splits indicated in the figure (fig. 5A),

reflecting highly congruent phylogenetic signals across r-pro-

teins from diverse cultivated archaea (figs. 1A am 2B). A NNet

for asgard MAGs is shown in figure 5B, revealing one split in

the data, which separates Thorachaea MAGs from the rest.

The phylogenetic congruence across r-proteins in the remain-

ing 21 archaeal MAGs is close to random, as shown by ran-

domizing the source of sequences in individual ribosomal

protein alignments, used for concatenation and NNet plots

(fig. 5C). Reversing the alignments using the Head or Tails

method (Landan and Graur 2007) shows the same general

A

B

C

FIG. 4.—Distribution of pairwise tree-distances between RefSeq and metagenomes evaluated by CheckM: The pairwise comparisons of tree distances

computed using four different metrics (see Materials and Methods) are shown. In each case, a matched set of proteins present a MAG sample and ten

samples from RefSeq are taken to plot comparable distributions. The 30 MAGs in each sample is taken such that their completeness as evaluated by CheckM

is at least 70%, 80%, or 90% as shown in the inset. (A) Trees for 39 universal proteins from three samples of 30 archaeal MAGs each are compared with

trees for the 39 homologues from ten samples of 30 archaeal RefSeq genomes. (B) Trees for 23 ribosomal proteins from three samples of 30 archaeal MAGs

each are compared with trees for the 39 homologues from ten samples of 30 archaeal RefSeq genomes. (C) Trees for 16 nonribosomal proteins from three

samples of 30 archaeal MAGs each are compared with trees for the 39 homologues from ten samples of 30 archaeal RefSeq genomes. Individual P values for

each comparison are given in supplementary table S8, Supplementary Material online.
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A

B

C

FIG. 5.—Neighbor-Nets reconstructed from concatenated alignments of 23 ribosomal proteins for Archaeal PCGs and asgard archaeal MAGs. (A) The

Neighbor-Net of a concatenated alignment of 23 ribosomal proteins in the archaeal PCGs sample 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

Anomalous phylogenetic behaviour of ribosomal proteins in MAGs GBE
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NNet result, namely a tree-like structure for PCG data but a

star-like structure for MAGs (supplementary fig. S13,

Supplementary Material online), indicating that variation in

the underlying signal is far greater than variation introduced

by alignment procedures. The strong tree-like NNet is also

recovered when using the nonasgard archaeal MAG sample

(supplementary fig. S11, Supplementary Material online)

which demonstrates the ability of the NNets to recapitulate

the tree congruence metrics.

As a further independent test for tree similarity, we exam-

ined the phylogenetic compatibility within MAG and PCGs

tree sets (see Materials and Methods) by scoring the compat-

ibility of each r-protein tree against all other trees from the

same set (Nelson-Sathi et al. 2012). Again, r-proteins from

genomes of cultured organisms produced trees that are

very similar to each other, as they should be (Hansmann

and Martin 2000; Brown et al. 2001; Nesbø et al. 2001;

Daubin et al. 2002; Matte-Tailliez et al. 2002; Martin 2003),

whereas trees for r-proteins from asgard MAGs differ from

each other (fig. 6 and supplementary fig. S12, Supplementary

Material online). The differences in cumulative distribution

frequencies are obvious (fig. 6) and highly significant

(P¼ 10�18, two-tailed Kolmogorov–Smirnov test; supplemen-

tary tables S10 and S11, Supplementary Material online).

Our analyses reveal that the archaeal MAGs designated as

Lokiarchaea (Spang et al. 2015) and asgard archaea

(Zaremba-Niedzwiedzka et al. 2017) and their r-proteins

may perhaps be error prone by bioinformatic artifacts.

Although the names and rank of asgard archaea is defined

by their r-protein phylogenies (Spang et al. 2015, 2018; Eme

et al. 2017; Zaremba-Niedzwiedzka et al. 2017), these r-pro-

teins, however, may not be linked by common ancestry,

rather they are stitched together from sequences in same

environment, to a degree that remains unknown.

Alternatively, it is possible that ribosomal proteins in asgard

archaea do not share common histories and thus evolve in a

fundamentally different manner from those archaeal PCGs

studied here. If the latter is true, concatenated ribosomal pro-

teins of asgard archaea can hardly be used for phylogenomic

analyses in the first place.

For the nonribosomal proteins, the issue might be even

more serious (figs. 1 and 2). This has gone hitherto unnoticed,

because MAGs have not been rigorously tested for congruent

phylogenetic properties as are sequences from closed

genomes (Hansmann and Martin 2000; Brown et al. 2001;

Nesbø et al. 2001; Daubin et al. 2002; Matte-Tailliez et al.

2002; Martin 2003). Notably, a closed genome was recently

reported for an anaerobic, fermenting archaeon from sedi-

ment (sister to Crenarchaeota, termed Candidatus

Prometheoarchaeum syntrophicum strain MK-D1) that

branches as the sister to eukaryotes in the absence of MAG

data (Imachi et al. 2020). It is small (0.5mm diameter), not

phagocytosing and lacks any signs of eukaryote-like complex-

ity. This is in contrast to earlier inferences regarding asgard

MAGs, which were speculated to represent complex,

eukaryote-like phagocytosing archaea based on binned

genomes alone (Spang et al. 2015; Eme et al. 2017;

Zaremba-Niedzwiedzka et al. 2017). There have been chal-

lenges posed to individual protein sequences present in as-

gard MAGs (Cunha et al. 2017, 2018; Martin et al. 2017).

Previous experiments on Lokiarchaea have shown that indi-

vidual trees for the 36 universal proteins (Spang et al. 2015)

recover different positions for lokiarchaea (Cunha et al. 2017).

Our findings are congruent with that finding and further sug-

gests that the chimeric nature of lokiarchaea and asgard MAG

data are likely systematic. The recently emerged images of

MK-D1 demonstrate that early skepticism brought forth re-

garding interpretations of asgard complexity was warranted

(Dey et al. 2016; Gould et al. 2016). In the absence of cell-

biological data, the same caution is generally warranted re-

garding phylogenetic inference and metabolic predictions of

any new group identified solely through metagenomic

means.

Materials and Methods

Sources of Archaeal Metagenomics Data

The description and list of organisms comprising each MAG

sample are given in supplementary table S2, Supplementary

Material online. Archaeal Metagenomes comprising asgard

archaea were downloaded from IMG (https://img.jgi.doe.

gov/) and NCBI databases (https://www.ncbi.nlm.nih.gov).

About 30 archaeal MAGs that contain 39 universal archaeal

proteins (23 ribosomal proteinsþ 16 nonribosomal proteins)

were retained and constitute asgard MAG data set. In the

extended data set, MAGs were obtained by the following

three ways: 1) archaeal MAGs were downloaded from IMG

database. 2) Assembled contigs/scaffolds of sediment samples

were downloaded from IMG database, and were binned with

MetaBAT (version: 2.12.1) (Kang et al. 2019). 3) The raw

reads from selected Tara Oceans, biofilm, and rhizosphere

samples were downloaded from Sequence Read Archive

(SRA) database. For each sample, clean reads were obtained

from raw data by trimming adaptors and low-qualified bases

FIG. 5—Continued

from asgard archaeal 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. (C) Before generating a concatenated alignment, the 23 r-proteins from the 30 genomes in the archaeal PCGs sample were

randomly redistributed. These scrambled genomes, indicated with the prefix “rnd,” were used to reconstruct a Neighbor-Net, which generated a star-like

structure very similar to that of the asgard archaeal MAGs Neighbor-Net shown in panel (B).
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with Trimmomatic (version: 0.38) (Bolger et al. 2014).

Abundance profiles of assembled contigs were generated

by mapping of reads in each sample with BamM (version:

1.7.3; https://ecogenomics.github.io/BamM/) and

“jgi_summarize_bam_contig_depths” script in MetaBAT.

Using MetaBAT, binning was performed with abundance pro-

files on assembled contigs. In the extended data set, all qual-

ified MAGs were screened with a criterion of completeness

�70% and contamination �5% using CheckM (version:

1.0.13) (Parks et al. 2015). About 114 archaeal MAGs that

contain all 39 universal proteins were retained and used to

generate ten archaeal MAG samples containing 30 genomes

each. Samples with different CheckM completeness ranges

were subsampled from the afore-mentioned extended data

set (supplementary table S1, Supplementary Material online),

corresponding to completeness values of 70–80%, 80–90%,

and 90–100% (supplementary table S8, Supplementary

Material online).

Sources of CPR Metagenomics Data

The MAGs from CPR were obtained from the authors of Hug

et al. (2016). About 140 CPR MAGs containing all 16 universal

ribosomal proteins were used to create ten CPR MAG samples

of 30 genomes each (supplementary table S2, Supplementary

Material online). In addition, 23 closed genomes were kindly

provided by Prof. Karthik Anantharaman which along with

seven high-quality draft genomes from Anantharaman et al.

(2016) were used to create a MAG sample comprising high-

quality MAGs.

Sources of Bacterial Metagenomics Data

The bacterial MAG data set was downloaded from the

BioProjects with the accessions PRJNA288027 (2,545 assem-

blies) and PRJNA270657 (103 assemblies). This set was further

subsampled for ten groups of 30 organisms that have all 20

bacterial, universal ribosomal protein families, to generate

samples each with 30 species or operational taxonomic units

(OTUs) (supplementary fig. S2 and table S2, Supplementary

Material online).

Identification of Homologs of Ribosomal Proteins in RefSeq

and Metagenomics Genomes

Universal protein clusters for Archaea were obtained from

Nelson-Sathi et al. (2015), whereas ribosomal protein clusters

Bacteria were retrieved from UniProt (Jan 2019, The UniProt

Consortium 2019). These clusters were used for a BLAST

against the RefSeq 2016 database (O’Leary et al. 2016) con-

sisting of 5,443 bacteria and 212 archaea with an identity

threshold of 20% and an e-value cut-off of 10�5. The

BLAST searches were also performed on metagenomics

FIG. 6.—Tree compatibility scores for samples of tree reconstructed from PCGs and MAGs. 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 ten archaeal RefSeq genomes versus asgard achaeal MAGs. (B) Trees for a subset of 23

ribosomal proteins sampled from ten archaeal RefSeq genomes versus asgard archaeal MAGs. (C) Trees for the complement set of 16 nonribosomal proteins

sampled from ten archaeal RefSeq genomes versus asgard archaeal MAGs. (D) Trees for 16 ribosomal proteins sampled from ten bacterial RefSeq genomes

versus CPR MAGs and (E) trees for 20 ribosomal proteins sampled from ten bacterial RefSeq genomes versus non-CPR bacterial MAGs.
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genomes. The archaeal RefSeq data set was further sub-

sampled for groups of 30 organisms that reflect the full

breadth of taxonomic distribution for the complete data set

for bacteria and archaea, respectively, to generate ten refer-

ence samples each with 30 species or operational taxonomic

units (OTUs) for archaea. For bacteria, the sampling was re-

stricted to only include a maximum of two organisms from

each phylum to generate ten reference samples each with 30

species (OTUs) for bacteria. That is, the reference PCGs sam-

ples were chosen to sample as much phylogenetic diversity,

depth, and breadth as the MAG samples (for more informa-

tion, see supplementary table S1 and figs. S1 and S2,

Supplementary Material online).

Phylogenetic Tree Construction and Uncorrected p-
Distances

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 ten reference

sets as well as in the metagenomes. Maximum-likelihood

trees were calculated using IQ-tree with the model set to

the General matrix model by Le and Gascuel (LG) following

an alignment performed using MAFFT (linsi, Katoh and

Standley 2013). Uncorrected p-distances for each alignment

used to build the trees used for the pairwise tree comparisons

were calculated using the mdist package from EMBOSS.

Comparisons of Phylogenetic Trees

The pairwise distances between trees were calculated by four

different tree comparison methods (ALIGN, Nye et al. 2006,

NODE, Williams and Clifford 1971, RF, Robinson and Foulds

1981 and RFK, Kuhner and Felsenstein 1994) (as described in

Kuhner and Yamato 2015) and the Kernel Density Estimate

(KDE) of the histogram resulting from the pairwise distances

between trees (the lower triangular matrix from fig. 1) is plot-

ted in figure 2. Pairs of distributions were compared using a

two-sample KS test to test if the two distributions are similar.

(Please see supplementary table S1, Supplementary Material

online, for the full list of P values for each comparison.)

Neighbor-Net Analysis

Alignments for the ribosomal proteins from PCGs and asgard

MAG sample were concatenated and used to draw a

Neighbor-Net (Bryant and Moulton 2003) using SplitsTree4.

Randomization of the taxonomic assignments for the PCGs

alignments was achieved using a custom python script to

generate an alignment where r-proteins from different organ-

isms have the same label. For the case where MK-D1 was

added to the concatenated alignment, the sequences for

the 39 universal archaeal proteins were identified using

BLAST with an identity of 25% and e-value of 1.0� e�10

against its genome (PRJNA557562) and then subsequently

added to the 30 MAGs in the asgard MAGs and Archaeal

PCG sample respectively. The concatenated alignment was

used to draw Neighbor-Nets using SplitsTree5. The

Neighbor-Net for the reversed alignments (supplementary

fig. S13, Supplementary Material online) was constructed us-

ing the same procedure. The ribosomal proteins from PCGs

and the asgard MAG sample were reversed using an inhouse

perl script, and aligned according to the Heads or Tails

method (Landan and Graur 2007) for phylogenetic analysis

and visualised the Neighbor-Net using SplitsTree4 (supple-

mentary fig. S13).

BMGE-Based Trimming

In order to check if trimming the alignment to only retain sites

with sufficient information, Block Mapping and Gathering

Entropy (BMGE, Criscuolo and Gribaldo 2010) was used

with the default settings with the BLOSUM30 substitution

matrix. To ensure uniformity, all sequences of a protein

(from each of the ten 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 de-

scribed before and the trees were compared.

Incompatibility Scores for a Set of Phylogenetic Trees with

Equal OTUs

For a set of phylogenetic trees T, we calculated incompatibility

scores for each tree t in the set similarly to Nelson-Sathi et al.

(2015). Each n OTU tree in the set was decomposed into its

(n� 3) splits. A split, s1 from tree t1 is considered incompatible

with tree t2 if s1 is incompatible with at least one split from t2.

The incompatibility of a split s with the complete set of trees T

is defined as the fraction of trees in T that are incompatible

with s. Finally, the incompatibility of a tree t with a reference

set of trees T is defined as the mean incompatibility observed

among its splits. The differences in the distributions of tree

incompatibility scores for the two sets of trees were assessed

using the two-tailed Kolmogorov–Smirnov test.

Root to Tip Distance

All the phylogenetic trees computed as described above were

rooted using MAD (Version 2.2) (Tria et al. 2017). The rooted

trees were used to calculate the distance from the root to the

30 tips in each tree to calculate the average root to tip dis-

tance. The average root to tip distances for each of the genes

in the metagenome samples were compared with their re-

spective reference samples. A Kolmogorov–Smirnov test was

performed to verify whether the root to tip distances for the

two sets of trees are drawn from the same distribution.
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Supplementary Material

Supplementary data is available at Genome Biology and

Evolution online.
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