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M I C R O B I O L O G Y

A metagenomic perspective on the microbial 
prokaryotic genome census
Dongying Wu, Rekha Seshadri, Nikos C. Kyrpides, Natalia N. Ivanova*

Following 30 years of sequencing, we assessed the phylogenetic diversity (PD) of >1.5 million microbial genomes 
in public databases, including metagenome-assembled genomes (MAGs) of uncultivated microbes. As compared 
to the vast diversity uncovered by metagenomic sequences, cultivated taxa account for a modest portion of the 
overall diversity, 9.73% in bacteria and 6.55% in archaea, while MAGs contribute 48.54% and 57.05%, respectively. 
Therefore, a substantial fraction of bacterial (41.73%) and archaeal PD (36.39%) still lacks any genomic represen-
tation. This unrepresented diversity manifests primarily at lower taxonomic ranks, exemplified by 134,966 species 
identified in 18,087 metagenomic samples. Our study exposes diversity hotspots in freshwater, marine subsur-
face, sediment, soil, and other environments, whereas human samples yielded minimal novelty within the context 
of existing datasets. These results offer a roadmap for future genome recovery efforts, delineating uncaptured 
taxa in underexplored environments and underscoring the necessity for renewed isolation and sequencing.

INTRODUCTION
The biodiversity contained within the bacterial and archaeal do-
mains is vast, and these microorganisms play critical roles in sus-
taining the biosphere and supporting the health of our planet. 
Whole-genome sequences serve as essential tools for studying these 
organisms, and, as of August 2023, the National Center for Biotech-
nology Information (NCBI) GenBank houses more than 1,316,387 
genomes of prokaryotic isolates. Note that, in the past, genome col-
lections showed a bias toward certain taxonomic groups of organ-
isms and specific environments (1). To address this limitation and 
promote a more comprehensive understanding of prokaryotic life, 
initiatives such as the Tree of Life and the Genomic Encyclopedia of 
Bacteria and Archaea (2) were implemented. Despite these efforts, 
there remains a conspicuous amount of redundancy in the available 
genome data, especially (and understandably) for clinically impor-
tant pathogens.

More recently, advancements in metagenomics have allowed sci-
entists to study genetic material directly from environmental sam-
ples, without the need for laboratory culture. This has led to the 
recovery of numerous uncultivated genome equivalents known as 
metagenome-assembled genomes (MAGs) from a diverse range of 
environments (3–8). These MAGs have provided unprecedented in-
sights into previously inaccessible and unknown taxa (microbial 
“dark matter”) (9, 10), greatly enriching our understanding of mi-
crobial diversity and challenging long-held precepts gleaned from 
studying isolated or domesticated species (9, 11, 12). The numbers 
of MAGs submitted to GenBank and other databases are rapidly 
mounting and rivaling those of isolate genomes. While MAGs rep-
resent a welcome advancement, the recovery of high-quality (HQ) 
MAGs (13) from individual metagenomes is relatively low.

Given the bounty of sequenced genomes from both cultivated 
and uncultivated sources, we aimed to conduct a comprehensive 
census of Bacteria and Archaea and gauge the biodiversity repre-
sented by these genome sequences. Through this analysis, we can 
pinpoint the missing taxa and their samples for further exploration, 

aiming to build a comprehensive, phylogenetically diverse compen-
dium of microbial genomes and cultures to advance our under-
standing of the microbial planet.

RESULTS
Net phylogenetic diversity of Bacteria and Archaea
Derived from summing the branch lengths connecting taxa on a 
phylogenetic tree, we calculated phylogenetic diversity (PD), a sim-
ple yet effective proxy measure of biodiversity (2, 14). For tree build-
ing, we tested five universally conserved single-copy marker genes: 
Profile Hidden Markov Models (HMMs) for each gene were used to 
retrieve markers from a comprehensive dataset of 1,889,638 ge-
nomes including both isolates and MAGs collected from NCBI and 
the Integrated Microbial Genomes (IMG) databases, as well as 
43,965 metagenomes from IMG. We chose to use protein-coding 
genes instead of the 16S ribosomal RNA (rRNA) gene, primarily be-
cause the 16S gene is poorly recovered in metagenome assemblies 
because of its highly conserved, repetitive nature and low complex-
ity regions (in addition to other known issues) (15, 16). Trees were 
constructed on the basis of aligned protein sequences of marker 
genes arising from 137,658 dereplicated isolate genomes, 28,269 HQ 
IMG MAGs, 68,655 medium-quality (MQ) IMG MAGs, 209,568 
NCBI MAGs (unknown quality), and 34,068 metagenomes from di-
verse environmental samples (Fig. 1 and Methods).

Our analysis included independent evaluation of results and infer-
ences from five distinct marker gene trees, namely, ribosomal protein 
L1 (COG0081), tRNA A37 threonyl carbamoyltransferase TsaD 
(COG0533), signal recognition particle guanosine triphosphatase 
(COG0541), alanyl-tRNA synthetase (COG0013), and RNA poly-
merase beta prime subunit RpoC (COG0086) (Table 1). While similar 
numbers of genes were retrieved for isolates and MAGs for each mark-
er, we observed considerable variability in the numbers of genes re-
trieved from the unbinned portion of metagenomes. This variability 
exhibited an inverse relationship with the length of the marker gene, 
with the shortest (COG0081) retrieving the most genes and the longest 
(COG0086) retrieving the fewest (Table 1). This is due to the increased 
likelihood of fragmentation in metagenomic assemblies for longer 
markers, leading to potential undercounting. This variation in gene 
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Fig. 1. Schematic overview of the workflow used in this study. The amino acid sequences of phylogenetic marker genes were obtained from isolates, MAGs, and 
metagenomic datasets using hmmsearch with the hmm models. Redundancy reduction was performed using CD-HIT for each marker, followed by alignment building 
and phylogenetic tree construction. The resulting trees were used to evaluate the phylogenetic diversity (PD) contribution of sequences derived from isolates, MAGs, and 
metagenomes. Operational taxonomic units (OTUs) were generated at various taxonomy levels based on these trees, and the distribution of OTUs containing genes from 
different categories was analyzed at each taxonomy level.

Table 1. Protein counts of five phylogenetic markers from different databases. Only genes with ≥60% non-gap positions of the alignment length are 
included. Split marker genes were excluded. GTPase, guanosine triphosphatase.

COG DESCRIPTION HMM Length Proteins 
from IMG/M 

isolates

Proteins from 
NCBI isolates

Proteins from 
IMG/M MAGs

Proteins from 
NCBI MAGs 

Proteins from 
IMG/M  

metagenomes

COG0081 Ribosomal  
protein L1

COG0081 230 96,796 1,317,582 112,686 228,678 2,037,918

COG0533 tRNA A37 threon-
ylcarbamoyltrans-

ferase TsaD

COG0533 342 97,118 1,319,320 128,471 264,130 1,169,060

COG0541 Signal recog-
nition particle 

GTPase 

COG0541 452 95,049 1,319,907 119,735 245,018 948,009

COG0013 Alanyl-tRNA 
synthetase

Pfam01411 
Pfam07973 
pfam02272 

734 96,549 1,315,914 124,701 252,468 625,171

COG0086 RpoC Pfam04997 
Pfam00623 
Pfam04983 
Pfam05000 
pfam04998

1010 96,942 1,313,029 105,330 207,437 505,068
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recovery notably affected the proportional contributions to PD for 
each category, especially for bacterial PD. Applying different length 
cutoffs to the metagenome scaffolds used for recovery of the shortest 
marker gene (COG0081), similar variations in the PD contributions 
were measured for the bacterial domain (fig. S1C). COG0081 PD con-
tribution distribution was most similar to those of COG0533 and 
COG0541 at a scaffold length cutoff of 1 kb [Pearson’s correlation coef-
ficient (r) of 0.9998 and 0.9992, respectively]. COG0013 was the closest 
match at a scaffold length cutoff of 2 kb (Pearson’s r of 0.9993), while 
COG0086 was a match at a scaffold length cutoff of 3 kb (Pearson’s r of 
0.9922). We observe similar variation in archaeal PD contributions for 
different phylogenetic markers with the exception of COG0086 RpoC 
(Fig. 2, C and D). COG0086 genes are broken into two genes in many 
archaeal lineages (e.g., Methanobacteriaceae and Halorubraceae). These 
fragmented genes were excluded to avoid inclusion of pseudogenes 
caused by bad sequence/assembly quality in metagenomes at the cost 
of introducing errors in the archaeal PD analysis.

However, when the five marker genes were used to reconstruct 
phylogenies including all genomes, they resulted in largely similar 
“topologies” as measured by adjusted mutual information (AMI) 
between the best matched operational taxonomic units (OTUs) and 
Genome Taxonomy Database (GTDB) taxonomic groups (table S1) 
(see Methods). Briefly, a relative evolutionary divergence (RED) 
analysis was performed (17) with various cutoffs to organize mark-
ers into OTUs and gain an approximate hierarchical classification by 
comparing against GTDB-based taxonomy of reference genomes. 
These RED OTUs generated from the five distinct phylogenetic 
markers exhibited a high degree of comparability across each taxo-
nomic level for both bacterial and archaeal domains. Of the 120 
pairs of OTUs at the same taxonomic level within the same domain, 
107 pairs demonstrate pairwise distances estimated by AMI above 
0.8. The remaining 13 pairs exhibit pairwise distances above 0.7, 
with 10 of these occurring at the phylum level and 3 at the class 
level (fig. S2A).
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Fig. 2. Estimates of total bacterial and archaeal PD. (A) Bacterial phylogenetic diversity (PD) accumulation curve depicting incremental increase in PD inferred from 
computed branch lengths of alanyl-tRNA synthetase (COG0013) tree. The units on the  x axis represent individual taxa or their equivalents (from metagenomes) ordered 
by genome category as the “accumulation units.” PD score based on summed branch lengths is shown on the y axis. (B) Archaeal PD accumulation curve. (C) Marker-based 
variability in relative PD contributions for bacteria. (D) Marker-based variability in relative PD contributions for archaea.
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The variations in OTU composition across different phyloge-
netic markers are most evident at the species and genus levels. 
Shorter genes yield a higher count of metagenome-only OTUs 
(mOTUs). For instance, COG0081 (230 amino acid long) identifies 
480,821 species-level and 84,676 genus-level OTUs for bacteria. By 
contrast, COG0086 (1010 amino acid long) yields 152,349 and 
41,444 OTUs, respectively. This discrepancy is less pronounced at 
higher taxonomic levels. We also used five different markers to 
overcome potential complications afflicting any single marker. For 
example, we observed gene duplications for COG0081, potential 
horizontal gene transfer of COG0013 from bacteria to archaea, and 
spanning of one marker over multiple genes in COG0086. We have 
selected COG0013 to present further findings (applying a mini-
mum 2-kb metagenome scaffold size cutoff to exclude lower-quality 
assemblies and gene calls) because COG0013 OTUs consistently 
align more closely with the GTDB taxonomies across most taxo-
nomic levels (table S1) compared to other markers.

Using the alanyl-tRNA synthetase marker gene (COG0013), we 
found that bacterial isolate genomes represent 9.73% of the total 
estimated diversity in the domain Bacteria and 6.55% in Archaea 
(Fig. 2, A and B). This estimate contrasts the oft-cited “great plate 
count anomaly experiment,” which suggested that <1% of micro-
organisms observed under a microscope were cultivated (18). IMG 
MAGs including both HQ and MQ MAGs recovered from diverse 
metagenome datasets account for 22.95% of total bacterial PD. In 
addition, NCBI MAGs (of unknown quality and provenance) con-
tribute an additional 25.59%. It is worth noting the inherent limita-
tions of MAGs such as higher rates of incompleteness (down to 
50% for MQ MAGs), genome fragmentation, absence of mobile 
genetic elements, their population-level composite structure (col-
lapsing many closely related strains), lack of appropriate standards, 
and possible chimeric nature (19–21). The remaining 41.73% of 
bacterial diversity remains without any type of genomic represen-
tation and is identifiable only from the current metagenomic 
marker gene data. This figure represents a rather conservative esti-
mate: Uncaptured bacterial PD ranges from 35.56 to 70.22%, de-
pending on the length of the marker used for estimations as 
discussed above (Fig. 2C). For domain Archaea, only 6.55% of total 
estimated PD is captured by isolates, while HQ, MQ, and NCBI 
MAGs genomes boost this coverage by 9.33, 18.37, and 29.35%, 
respectively (Fig. 2B). This leaves 36.39% of total archaeal PD with-
out any genomic representation.

Narrowing in from domain to phylum, we focused on phyla with the 
largest numbers of sequenced isolate genomes: Pseudomonadota (for-
merly Proteobacteria), Bacillota (formerly Firmicutes), Actinomycetota 
(formerly Actinobacteria), and Bacteroidota (formerly Bacteroidetes). 
At this taxonomic level, the PD captured by isolates is slightly 
higher (ranging from 9.57 to 17.06 %) compared to 9.78 % within 
domain Bacteria. Similar to before (22), we observed that 52.67% of 
actinobacterial diversity remains uncaptured by genome sequences, 
followed by Pseudomonadota with 42.35% and Bacteroidota with 
32.59% outstanding PD (fig. S1, A and B). By contrast, for Bacillota, 
only 18.31% remains uncaptured, with isolate genomes representing 
18.94% of PD and MAGs contributing the majority 62.74%. This 
suggests that the genomic landscape of Bacillota may be nearing 
saturation in the now sampled environments. This may partially 
reflect the relative ease of recovering Bacillota (Firmicutes) MAGs 
due to their smaller genome sizes compared to other lineages (23) 
as well as focused efforts such as the Human Microbiome Project 

(HMP) (24) and other genome recovery attempts from the human 
gastrointestinal tract, where Bacillota predominate (4). However, 
there is a small possibility that Bacillota estimates could be affected 
by sequencing bias against low GC sequences as previously noted 
(25). Bacteroidota display the lowest PD contribution by isolates 
(11.15%) among these phyla. While the reason for this observation is 
not entirely clear, one possible explanation may be more challenging 
growth requirements for members of Bacteroidota compared to 
other phyla.

Taxonomy of the uncaptured taxa
We assessed the taxonomic breadth of the uncaptured portion of the 
bacterial and archaeal PD to determine whether metagenome-only 
marker genes (not present in a MAG) represent as yet undiscovered 
phyla or distant taxonomic relatives of extant genomes. A RED anal-
ysis was performed (17), and various cutoffs were applied to group 
markers into OTUs to achieve a provisional hierarchical classifica-
tion by comparing against GTDB-based taxonomy of reference ge-
nomes. Examining mOTUs arising from 18,087 samples, a total of 
134,858 “species” (127,766 bacterial and 7200 archaeal) were uncap-
tured in genomic data. This amounts to 53.22% of the 253,400 total 
species-level OTUs (240,059 bacterial and 13,341 archaeal) gener-
ated by the entire dataset (Fig. 3A). An important caveat is that these 
figures are influenced by sample complexity and the taxa captured 
during the sampling, sequencing and assembly processes. Taxa may 
be underrepresented or entirely excluded from the analysis for a va-
riety of reasons (discussed below).

Most of the added diversity represented by mOTUs is clearly at 
the species level (Fig. 3A and fig. S2B) and predominantly assigned 
to existing taxa within the phyla Pseudomonadota, Acidobacteriota, 
Actinomycetota, Patescibacteria, Chloroflexota, followed by Plancto-
mycetota, Bacteroidota, Myxococcota, Verrucomicrobiota, and oth-
ers. At the genus level, 18,942 mOTUs (18,276 bacterial and 666 
archaeal) represent about 36.24% of the total OTUs. However, these 
proportions decrease at higher taxonomic ranks, e.g., only 1599 
family-level mOTUs (1490 bacteria and 109 archaea), representing 
18.88% of total, were discovered. At the phylum level, only six bac-
terial and two archaeal mOTUs (with a requirement of a minimum 
of three genes) were discovered, predominantly originating from 
various marine or freshwater samples. The only exceptions are an 
archaeal mOTU arising from hydrothermal vent samples and a bac-
terial mOTU from soil or termite-gut samples.

Most of the archaeal species-level OTUs are classified into the 
phyla Thermoproteota, Thermoplasmatota, Halobacteriota, Nanoar-
chaeota, and others. We focused on well-established sub-clades of 
archaeal methanogens (such as Methanobacteriales, Methanococ-
cales, Methanomicrobiales, Methanosarcinales, Methanocellales, and 
Methanopyrales) to perform a thorough census of these important 
taxonomic groups. Discovering and characterizing previously un-
known methanogenic taxa from various ecosystems is critical to re-
fining our understanding of their ecological roles and methane 
production processes. This is increasingly important as methane 
emissions from both natural and human-driven sources are major 
contributors to global warming, and addressing methane emissions 
could help mitigate climate change (26). Moreover, methanogens 
are increasingly being exploited for their ability to degrade organic 
matter in wastewater treatment processes and for capturing emitted 
methane as a fuel source. Our analysis revealed that few mOTUs 
related to these clades were identified (at least one MQ MAG was 



Wu et al., Sci. Adv. 11, eadq2166 (2025)     17 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 11

available in the vast majority of cases), suggesting that these clades 
are already well represented by genomes, particularly MAGs (27–
29). A few examples of unrepresented methanogenic subclades 
include those related to isolated Methanobrevibacter spp. from ter-
mite gut and rumen samples or a potential unknown species of 
Methanobacterium from coal/oil affected environments (fig. S3). 
Many other large clades of metagenomic sequences with only a 
single MQ MAG are worthy of in-depth exploration, particularly 
those latent in permafrost or polar samples (30).

Isolate genomes “in the wild”
Examining species-level OTUs composed of sequences from both 
isolates and metagenomes (including MAGs), we can infer that 
about one-third of sequenced isolates are constituent members of 
an environmental sample, potentially playing key roles in these bi-
omes (Fig. 3B). Specifically, of the 24,672 isolate-containing OTUs 

(23,856 bacterial and 816 archaeal), 8237 contain at least one 
metagenomic sequence. Of these, 8004 are bacterial OTUs encom-
passing 1,169,854 genomes and 233 are archaeal OTUs encompass-
ing 1045 genomes. Conversely, 16,435 isolate-containing OTUs 
(66.61% of total) lack any type of metagenomic sequence. Of those, 
15,852 are bacterial encompassing 234,117 genomes and 583 are 
archaeal encompassing 1380 genomes. This indicates that most of 
the isolated species are undetected in environmental samples. Some 
of these undetected isolates could be part of the rare biosphere of 
the sampled environments or occupy niches that are under-sampled 
or unsequenced such as those of obligate symbionts or pathogens 
or organisms that are sequestered in specialized niches (e.g., endo-
liths) or sessile or adherent organisms (e.g., biofilms and mucilage) 
that traditional sampling approaches might miss. For example, 
many model intracellular pathogens are recognized in this set such 
as Bartonella spp., Salmonella spp., Yersinia spp., Blattabacterium 
spp., Brucella spp., Chlamydia spp., Rickettsia spp., and Helicobacter 
spp., as well as select agents like Coxiella burnetii, Francisella tularensis, 
and Rickettsia prowazekii. Other instances include Demequina spp., 
Microbulbifer spp., Xenorhabdus spp., and Nesterenkonia spp., typically 
isolated from invertebrate hosts or high-salt environments that tend 
to be under-sampled or possibly under-sequenced (especially high-
complexity soil communities).

Habitat of the uncaptured taxa
mOTUs are considered unique because no isolates or MAGs have 
been identified in these groups. These mOTUs arise from various 
environmental samples at different taxonomic levels (table S2). mO-
TUs (genus level and higher ranks) are primarily found in freshwa-
ter, marine, and terrestrial environments (Fig. 4 and tables S2 and 
S3). Individual metagenome samples with a preponderance of mO-
TUs are predominantly from the marine subsurface and sediment. 
Notable sources include various hydrothermal vents or oxygen min-
imum zones, as well as soil and termite gut. These environments are 
proposed as priority targets for in silico and other recovery efforts. 
The “most-wanted” taxa from these environments are summarized 
in Fig. 4B. In terrestrial environments, genus-level mOTUs within 
the Acidobacteriota and Actinomycetota are predominantly uncap-
tured, while, in aquatic samples, Patescibacteria, Pseudomonadota, 
and Chloroflexota are. By contrast, very few mOTUs are identified in 
the subset of human samples in this study (Fig. 4A), possibly owing 
to concentrated efforts over the past decades to sample and recover 
these genomes, as well as their relative lower species richness 
(4, 31, 32). However, we acknowledge that these samples are biased 
toward Western populations and diets, and sequencing microbi-
omes of more diverse populations could provide critical insights 
into human health and wellbeing.

Other host-associated environments may be similarly tractable 
for genome recovery due to lower complexity (species richness) 
compared to other environmental samples. As an example, we as-
sessed OTUs from rumen samples and observed a high number of 
species-level mOTUs per sample (Fig. 5A). We chose to examine 
the rumen environment that was subject to extensive cultivation 
and sequencing efforts similar to the HMP (26). Recomputing the 
bacterial PD plot using only tree branches or leaves containing at 
least one rumen isolate or rumen metagenome sequence, we ob-
served that isolates account for less than a quarter of total PD 
(17.19%). While MAGs represent a larger portion (37.91%), this 
still leaves 44.90% of total PD in rumen samples without genomic 
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representation (Fig. 5B). Archaeal PD is very low in this environ-
ment as expected (total PD is only 16) (26, 33) and well covered by 
genome representatives, especially MAGs (47.32%) and isolates 
(36.97%), leaving only 15.72% of the PD unrepresented. Examining 
mOTUs containing sequences of rumen origin suggests that there 
are no new phyla or classes therein (with the same limitations of 
sampling as stated above for human samples). Instead, these mOTUs 
primarily represent undiscovered species and genera belonging to 
extant lineages.

While targeted isolation and sequencing efforts like the Hungate 
1000 project (27) have made obvious contributions to our under-
standing of the rumen microbiome, more efforts are clearly needed 
(34,  35). A saturated genome collection will be key in addressing 
food security and global warming challenges because ruminants are 
among the leading emitters of anthropogenic methane (35). We also 
examined the overall taxonomic differences between bacterial iso-
lates and the uncultivated genomes (MAGs) to highlight phyla 
with few to no isolate genomes like Spirochaeta, Verrucomicrobiota, 
Patescibacteria, or Elusimicrobiota (Fig. 5C). Members of Spirochaeta, 
Verrucomicrobiota, and Planctomycetota are most likely to encode 

functions important to various aspects of rumen function. The 
need for cultivation of previously uncultivated taxa within the 
Bacteroidota and Bacillota (Firmicutes) that dominate the rumen 
microbiome was also previously recognized in a 16S rRNA-based 
census (36). Reconstructed metabolic pathways from genomes of 
uncultivated lineages could potentially inform culture criteria in the 
pursuit of gaining a saturated isolate reference collection for the 
rumen environment.

Last, we examined the environmental distribution of all the 
isolate-containing species-level OTUs to determine whether there 
are any potentially cosmopolitan species. While microbial species 
tend to be niche-adapted and consequently restricted to specific envi-
ronments, multi-specialists with wider niche breadth are also probable 
(37). Excluding known contaminants such as Stenotrophomonas 
maltophila, Ralstonia pickettii, or Cutibacterium acnes (38), a hand-
ful of species were detected in a variety of environments. For example, 
Marinobacter sp. DSM 26671 (39) was detected in a range of aquatic 
and terrestrial samples, and Priestia megaterium DSM 319 (40) 
was found in diverse terrestrial and rhizosphere settings. These find-
ings suggest that just a few species have remarkable adaptability, 

Fig. 4. Habitat distribution and taxonomy of genus-level metagenome-only OTUs (mOTUs) for COG0013. (A) Numbers of mOTUs by habitat: Relative contribution 
of mOTUs (gray) can be compared with other OTUs including isolates (red) or metagenome assembled genomes (MAGs) (blues) in each habitat. Total numbers of samples 
in each habitat are shown in parentheses. (B) Number of genus-level mOTU in each habitat for each phylum. Only the phylum with ≥150 genus-level mOTU are included 
in the heatmap (table S3). The colors represent the log scale of the number of mOTUs for each phylum in each habitat, as indicated by the color bar. Habitats and phyla 
are clustered by average linkage clustering, based on the Euclidean distances of genus-level mOTU counts.
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Fig. 5. Gaps in data for the rumen microbiome. (A) Comparing per sample metagenome-only OTUs (mOTUs) arising from the human large intestine versus the rumen 
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enabling them to inhabit a wide range of ecological niches, a prop-
erty that could render them as great candidate model organisms 
for microbiology, and with the added advantage of proven genetic 
tractability (41, 42).

DISCUSSION
This study reveals that, after three decades of microbial genome se-
quencing, cultivated taxa account for a rather small portion of the 
overall microbial diversity estimated from metagenomic sequences, 
contributing 9.73% in bacteria and 6.55% in archaea. While they re-
main the gold-standard resource in the laboratory supporting an ar-
ray of experiments, including the development of microbial model 
systems and analyses of biotechnologically relevant pathways, their 
absence from metagenomic samples (two-thirds of isolates unde-
tected) is noteworthy. This may reflect a historic bias in cultivation 
toward pathogens or organisms with desired metabolic capabilities, 
which may not accurately reflect “the natural world” and resulting in 
the isolation of taxa that are not numerically abundant in natural 
ecosystems, i.e., part of the “rare biosphere” (falling below the limits 
of detection at current sequencing depths). Others may be seques-
tered in specialized environments that are under-sampled or inac-
cessible by routine sampling approaches.

MAGs represent a much larger proportion of the total diversity, 
contributing 48.54% in bacteria and 57.05% in archaea, and, while 
they have yielded many fresh insights into ecology and evolution, a 
widely perceived problem is that they are characterized by relatively 
low quality (see above). By our conservative accounting, an out-
standing fraction of PD (41.73% in bacteria and 36.39% in archaea) 
remains without any genomic representation, primarily at lower 
taxonomic ranks. Note that these figures do not fully represent the 
extensive PD present in global microbiomes as estimated by other 
methods (43) but rather reflect only what has been captured in avail-
able metagenomic datasets. Furthermore, these metagenome as-
semblies provide a mere snapshot of the most abundant and active 
microorganisms in a given sample and do not (and cannot) capture 
global diversity. Some of the less-abundant or unsampled members 
may well represent important keystone species within the ecosys-
tem (44).

These results highlight the need for more targeted efforts to capture 
the full range of microbial diversity using a multifaceted approach in-
volving renewed cultivation, deeper sequencing, and advanced ge-
nome reconstruction techniques. For the latter, redoubling sequencing 
of select samples leveraging recent innovations in long-read sequenc-
ing (45–47), co-assemblies (48–50), and improved binning strategies 
(51–54) could help. However, their success will undoubtedly vary by 
environment influenced by determining factors like species richness 
and diversity, genome size, and the complexity of resident genomes 
(e.g., large repetitive structures). For high-complexity samples like soil 
where metagenomes are often massively under-sequenced, Hi-C se-
quencing, co-assembly, and improved binning could help narrow the 
gap, but it is likely that less abundant components or members of the 
rare biosphere may remain elusive.

Recovery efforts should obviously include renewed isolation ap-
proaches because the ultimate goal is to recover cultures, thereby ad-
dressing the limitations of MAGs (20, 55). With notable exceptions 
like Hungate1000 (26) or the mouse gut microbial biobank (56), 
culture-based efforts have been scarce or narrowly focused on specific 
metabolic guilds (like methanogens and lignocellulose-degrading 

bacteria). Therefore, we hope the “hotspots” highlighted in this manu-
script reinvigorate cultivation efforts on a global scale, including ex-
tensive sampling and the capture of the full range of microbial 
diversity via renewed emphasis on classical microbiology and physiol-
ogy, in addition to leveraging modern approaches such as subtractive 
enrichment of key guilds and/or taxa, co-culture, and diffusion cham-
bers (57, 58). Insights gained from -omics data can also help inform 
cultivation efforts as previously demonstrated (58–63).

We also propose that uncaptured taxa include some that are so 
not due to culturing difficulties but rather due to limited effort or 
access to samples. Therefore, even traditional culturing approaches 
may yield gains when applied to such samples (10,  64). While it 
might not be feasible to recover all bacterial species, especially those 
from highly specialized environments with fastidious growth condi-
tions or those with unknown dependencies, establishing a compre-
hensive and phylogenetically diverse collection of microbial cultures 
spanning various habitats, ecosystems, and geographical regions 
remains essential (65–67). Targeting species from specific environ-
mental samples such as those with a preponderance of uncaptured 
taxa (as identified in this study) or with potential for biotechnologi-
cal applications like high temperature, ionic liquids, hypersaline, or 
acidic environments is recommended. Prioritization based on di-
versity, phylogenetic distance from extant isolates, and ecological 
relevance can guide these efforts, but collaborative initiatives with 
pooled resources and expertise from varied researchers and institu-
tions can play a pivotal role.

METHODS
Delineating datasets for analysis and marker selection
A total of 50,286 HQ bacterial and 705 archaeal isolate genomes 
(checkM completeness ≥ 95% and contamination < 5%) from IMG 
were used to assess universally distributed phylogenetic marker 
genes identified using COGs (Clusters of Orthologous Groups) and 
Pfams. Alignments of proteins from these reference genomes were 
constructed using hmmsearch (option: -cut_ga -A) from the hm-
mer3.3.2 package with related hmm profiles. To qualify as reliable 
phylogenetic markers, each COG needed to contain single-copy 
genes in at least 97% of the reference isolate genomes, and each gene 
was required to have non-gapped positions accounting for at least 
60% of the total minimum alignment length of ≥200 amino acids. 
Using these thresholds, five COGs were identified as reliable phylo-
genetic marker genes to proceed with further analysis: COG0081, 
COG0533, COG0541, COG0013, and COG0086.

To obtain a comprehensive census, we queried datasets from 
both the Integrated Microbial Genomes and Microbiomes (IMG/M) 
database (68) and NCBI on 4 August 2023 (Fig. 1). IMG/M includes 
more than 50,000 metagenomes from a wide range of environmen-
tal samples including freshwater, marine, various terrestrial (e.g., 
forest, desert, cave, and coal bed), and host associated (e.g., human, 
insects, mammals, and plants).

For NCBI bacterial and archaeal isolates and MAGs, the following 
links were accessed: https://ftp.ncbi.nlm.nih.gov/genomes/genbank/
archaea/assembly_summary.txt for archaea and https://ftp.ncbi.nlm.nih.
gov/genomes/genbank/bacteria/assembly_summary.txt for bacteria.

NCBI genomes of isolates marked with comments such as “frag-
mented assembly,” “refseq annotation failure,” “contaminated,” or 
“many frameshifted proteins” were excluded from the study. The 
NCBI MAGs were designated as “derived from metagenome” in the 

https://ftp.ncbi.nlm.nih.gov/genomes/genbank/archaea/assembly_summary.txt
https://ftp.ncbi.nlm.nih.gov/genomes/genbank/archaea/assembly_summary.txt
https://ftp.ncbi.nlm.nih.gov/genomes/genbank/bacteria/assembly_summary.txt
https://ftp.ncbi.nlm.nih.gov/genomes/genbank/bacteria/assembly_summary.txt
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summary files. To screen out mitochondria and plastid genes, the 
mitochondrial and plastid genomes were downloaded as reference 
sequences from the respective ftp links provided by NCBI: ftp://ftp.
ncbi.nih.gov/genomes/refseq/mitochondrion and ftp://ftp.ncbi.nih.
gov/genomes/refseq/plastid.

For NCBI isolates, mitochondrial and plastid genomes, and 
MAGs, gene sequences were predicted by prodigal with default set-
tings (69). Hmm profiles of the selected phylogenetic markers 
(Table 1) were searched against protein sequences of genes from these 
datasets using hmmsearch (option: -cut_ga -A) from the hmmer 
3.2.2 package (70). For IMG datasets, precomputed annotations 
were used. During hmm searches, alignments were constructed, and 
alignments from the same genome were concatenated in the case of 
COG0013 and COG0086 because they are each composed of mul-
tiple pfam hmm profiles (Table 1) (71). Only genes that had at least 
60% non-gapped positions across the entire alignment length were 
included in the study, while fragmented genes corresponding to the 
same phylogenetic markers were excluded.

Tree building and PD analysis
Marker protein sequences from IMG metagenomes include those 
from HQ MAGs (checkM completeness ≥ 90% and contamination 
< 5%), MQ MAGs (checkM completeness ≥ 50% and contamina-
tion <10%), and metagenomic scaffolds not assigned to any MAGs. 
To eliminate redundancy, sequences of each phylogenetic marker 
were deduplicated using cdhit (option: -c 1.00 -aS 1.00) (72). From 
each cdhit cluster, a representative sequence was selected on the ba-
sis of the following order of preference: NCBI mitochondria, NCBI 
plastids, IMG isolates, NCBI isolates, IMG HQ MAGs, IMG MQ 
MAGs, NCBI MAGs, and IMG metagenome scaffolds.

Sequences of each phylogenetic marker were aligned using 
hmmsearch (-A option), and maximum likelihood trees were inferred 
using FastTree2 with the WAG substitution module (73). Eukaryotic 
clades within each phylogenetic marker tree were identified and 
trimmed out. To achieve this, a subtree consisting of 50,000 representa-
tives was extracted, and the eukaryotic clades (including nucleus, mito-
chondria, and plastidic sequences) were manually determined. These 
determinations were based on domain assignments obtained from 
IMG annotation of isolates and metagenomic scaffolds (74). Represen-
tative sequences from each eukaryotic clade within the subtree were 
used to identify their common ancestral nodes in the marker trees. All 
the leaves originating from these common ancestral nodes were consid-
ered as eukaryotic sequences and removed. Potential horizontal gene 
transfer clades across archaea and bacteria domains were also removed 
during this step. Last, the trees were rooted in the middle of the archaeal 
and bacterial clades, and each tree was split into two trees: one for 
bacteria and one for archaea. The same protocol for identifying 
eukaryotic clades was applied to identify and extract subtrees for 
the Pseudomonadota, Bacillota, Bacteroidota, and Actinomycetota 
phyla separately.

The PD contribution of different groups, such as IMG isolates, NCBI 
isolates, MAGs from IMG/M (MQ and HQ), NCBI MAGs, and IMG 
metagenomes, was calculated and plotted individually for the Bacteria, 
Archaea, Pseudomonadota, Bacillota, and Actinomycetota trees. These 
calculations follow the methodology described by Wu et al. (2). The 
original code used for these analyses can be accessed at https://doi.
org/10.5281/zenodo.7058177. NCBI MAGs are maintained as a distinct 
category because we were unable to ascertain quality and sample source 
for these genomes unlike IMG-derived MAGs.

RED analysis and OTUing
GTDB taxonomy (75) was assigned to both the isolates and MAGs 
included in the bacterial and archaeal trees. For IMG isolates and 
MAGs, the GTDB taxonomy was obtained from IMG/M (68). For 
NCBI isolates and MAGs, the GTDB taxonomy was either down-
loaded from https://data.gtdb.ecogenomic.org/releases/latest/ (75) 
or assigned using GTDB-Tk (76).

Tree-based OTUs were constructed for the rooted bacterial and 
archaeal trees. RED was computed for all the nodes in the tree (17). 
RED cutoffs ranging from 0.001 to 0.999 at intervals of 0.001 were 
used to group the leaves into OTUs based on the RED values of their 
common ancestor nodes. The leaves that received GDTB assign-
ments from the tree were clustered into reference groups at the fol-
lowing taxonomic levels: phylum, class, order, family, and genus. 
Each reference cluster at a specific level was then compared with the 
OTUs generated using different RED cutoffs. To assess the similarity 
between the reference clusters and the OTUs, the AMI was calcu-
lated using the metrics.adjusted_mutual_info_score function from 
the scikit-learn library (version 1.2.0) in Python. The OTUs associ-
ated with the RED cutoff that produced the highest AMI value were 
selected as the OTUs representing the taxonomic level for the phy-
logenetic tree.

To compare species-level OTUs derived from two distinct phylo-
genetic markers, only single-copy genes sourced from isolates and 
MAGs were considered. Isolates and MAGs shared between both 
OTU datasets are grouped on the basis of the distribution of single-
copy genes among the OTUs. Subsequently, the AMI is calculated to 
assess the dissimilarity between these two sets of species-level OTUs. 
A similar approach is used to compute AMI values for all phyloge-
netic marker pairs across various taxonomic levels, including species, 
genus, family, order, class, and phylum, for both bacteria and archaea 
(table S1). The distribution of AMI values is visualized in fig. S4.

GTDB taxonomy (75) was assigned to each OTU on the basis of 
the GTDB taxonomy assignments of IMG/NCBI isolates and MAGs 
within the same OTU, using a majority rule method. For OTUs that 
consist solely of metagenome genes (mOTUs), the GTDB assign-
ments of related higher taxonomic level OTUs were adapted.

Supplementary Materials
The PDF file includes:
Figs. S1 to S4
Tables S1 to S4
Legends for tables S2 and S3

Other Supplementary Material for this manuscript includes the following:
Tables S2 and S3
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