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Abstract

In metagenome analysis, computational methods for assembly, taxonomic profiling and binning
are key components facilitating downstream biological data interpretation. However, a lack of
consensus about benchmarking datasets and evaluation metrics complicates proper performance
assessment. The Critical Assessment of Metagenome Interpretation (CAMI) challenge has
engaged the global developer community to benchmark their programs on datasets of
unprecedented complexity and realism. Benchmark metagenomes were generated from ~700
newly sequenced microorganisms and ~600 novel viruses and plasmids, including genomes with
varying degrees of relatedness to each other and to publicly available ones and representing
common experimental setups. Across all datasets, assembly and genome binning programs
performed well for species represented by individual genomes, while performance was
substantially affected by the presence of related strains. Taxonomic profiling and binning
programs were proficient at high taxonomic ranks, with a notable performance decrease below the
family level. Parameter settings substantially impacted performances, underscoring the importance
of program reproducibility. While highlighting current challenges in computational metagenomics,
the CAMI results provide a roadmap for software selection to answer specific research questions.

Introduction

The biological interpretation of metagenomes relies on sophisticated computational analyses
such as read assembly, binning and taxonomic profiling. All subsequent analyses can only
be as meaningful as the outcome of these initial data processing steps. Tremendous progress
has been achieved in metagenome software development in recent years!. However, no
current approach can completely recover the complex information encoded in metagenomes.
Methods often rely on simplifying assumptions that may lead to limitations and
inaccuracies. A typical example is the classification of sequences into Operational
Taxonomic Units (OTUSs) that neglects the phenotypic and genomic diversity found within
such taxonomic groupings?. Evaluation of computational methods in metagenomics has so
far been largely limited to publications presenting novel or improved tools. However, these
results are extremely difficult to compare, due to the varying evaluation strategies,
benchmark datasets, and performance criteria used in different studies. Users are thus not
well informed about general and specific limitations of computational methods, and their
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applicability to different research questions and datasets. This may result in difficulties
selecting the most appropriate software for a given task, as well as misinterpretations of
computational predictions. Furthermore, due to lack of regularly updated benchmarks within
the community, method developers currently need to individually evaluate existing
approaches to assess the value of novel algorithms or methodological improvements. Due to
the extensive activity in the field, performing such evaluations represents a moving target,
and consumes substantial time and computational resources, and may introduce unintended
biases.

We tackle these challenges with a new community-driven initiative for the Critical
Assessment of Metagenome Interpretation (CAMI). CAMI aims to evaluate computational
methods for metagenome analysis comprehensively and most objectively. To enable a
comprehensive performance overview, we have organized a benchmarking challenge on
datasets of unprecedented complexity and degree of realism. Although comparative
benchmarking has been done before34, this is the first time it has been performed as a
community-driven effort. CAMI seeks to establish consensus on performance evaluation and
to facilitate objective assessment of newly developed programs in the future through
community involvement in the design of benchmarking datasets, evaluation procedures,
choice of performance metrics, and specific questions to focus on.

We assessed the performance of metagenome assembly, binning and taxonomic profiling
programs when encountering some of the major challenges commonly observed in
metagenomics. For instance, the study of microbial communities benefits from the ability to
recover genomes of individual strains from metagenome samples25. This enables fine-
grained analyses of the functions of community members, studies of their association with
phenotypes and environments, as well as understanding of the microevolution and dynamics
in response to environmental changes (e.g. SNPs, lateral gene transfer, genes under
directional selection, selective sweeps® or strain displacement in fecal microbiota
transplants8). In many ecosystems, a high degree of strain-level heterogeneity is
observed®10. To date, it is not clear how much assembly, genome binning and profiling
software are influenced by factors such as the evolutionary relatedness of organisms present,
varying community complexity, the presence of poorly categorized taxonomic groups such
as viruses, or the specific parameters of the algorithms being used.

To address these questions, we generated extensive metagenome benchmarking datasets
employing newly sequenced genomes of approximately 700 microbial isolates and 600
complete plasmids, viruses, and other circular elements, which were not publicly available at
the time of the challenge and include organisms that are evolutionarily distinct from strains,
species, genera, or orders already represented in public sequence databases. Using these
genomes, benchmark datasets were designed to mimic commonly used experimental settings
in the field. They include frequent properties of real datasets, such as the presence of
multiple, closely related strains, of plasmid and viral sequences, and realistic abundance
profiles. For reproducibility, CAMI challenge participants were encouraged to provide their
predictions together with an executable docker-biobox implementing their software with
specification of parameter settings and reference databases used. Overall 215 submissions
representing 25 computational metagenomics programs and 36 biobox implementations of
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17 participating teams from around the world were received with consent to publish. To
facilitate future comparative benchmarking, all data sets are provided for download together
with the current submissions in the CAMI benchmarking platform (https://data.cami-
challenge.org/), allowing to submit predictions for further programs and computation of a
range of performance metrics. Our results supply users and developers with extensive data
about the performance of common computational methods on multiple datasets.
Furthermore, we provide guidance for the application of programs, their result interpretation
and suggest directions for future work.

Assembly challenge

Assembling genome sequences from short-read data remains a computational challenge,
even for microbial isolates. Assembling genomes from metagenomes is even more
challenging, as the number of genomes in the sample is unknown and closely related
genomes occur, such as from multiple strains of the same species, potentially representing
genome-sized repeats that are challenging to resolve. Nevertheless, sequence assembly is a
crucial part of metagenome analysis and subsequent analyses — such as binning — depend on
the quality of assembled contigs.

Overall performance trends—Developers submitted reproducible results for six
assemblers and assembly pipelines, namely for Megahit!l, Minial2, Meraga (Meraculous!3
+ Megahit), A* (using the OperaMS Scaffolderl4), Ray Metal® and Velour6. Several of
these were specifically developed for metagenomics, while others are more broadly used
(Table 1, Supplementary Table 1). The assembly results were evaluated using the
MetaQUAST metrics and the reference genome and circular element sequences of the
benchmark datasets (Supplementary Table 2, Supplementary methods “Assembly metrics”).
As performance metrics, we focused on genome fraction and assembly size, as well as on
the number of unaligned bases and misassemblies. Genome fraction measures the assembled
percentage of an individual reference genome, assembly size denotes the total length in bp
for an assembly (including misassembled contigs), and the number of misassemblies and
unaligned bases are error metrics reflective of the assembly quality. Combined, they provide
an indication of the performance of a program, while individually, they are not sufficient for
assessment. For instance, while assembly size might be large, a high-quality assembly also
requires the number of misassemblies and unaligned bases to be low. To assess how much
metagenome data was included in each assembly, we also mapped all reads back to them.

Across all datasets (Supplementary Table 3) the assembly statistics varied substantially by
program and parameter settings (Supplementary Figures SA1-SA12). The gold standard co-
assembly of the five samples from the high complexity data set has 2.80 Gbp in 39,140
contigs. For the assemblers, values for this data set ranged from 12.32 Mbp to 1.97 Gbp
assembly size (0.4% — 70% of the gold standard co-assembly, respectively), 0.4% to 69.4%
genome fraction, 11 to 8,831 misassemblies and 249 bp to 40.1 Mbp unaligned contigs
(Supplementary Table 2, Supplementary Fig. SA1). Megahit!! (Megahit) produced the
largest assembly of 1.97 Gb, with 587,607 contigs, 69.3% genome fraction, and 96.9%
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mapped reads. It had a substantial number of unaligned bases (2.28 Mbp) and the largest
number of misassemblies (8,831). Changing the parameters of Megahit
(Megahit_ep_mtl200) substantially increased the unaligned bases to 40.89 Mbp, while the
total assembly length, genome fraction and fraction of mapped reads remained almost
identical (1.94 Gbp, 67.3%, and 97.0%, respectively, number of misassemblies: 7,538). The
second largest assembly was generated by Minial2 (1.85 Gbp in 574,094 contigs), with a
genome fraction of 65.7%, only 0.12 Mbp of unaligned bases and 1,555 misassemblies. Of
all reads, 88.1% mapped to the Minia assembly. Meraga generated an assembly of 1.81 Gbp
in 745,109 contigs, to which 90.5% of reads could be mapped (2.6 Mbp unaligned, 64.0%
genome fraction, 2,334 misassemblies). Velour (VELOUR k63 _CZ2.0) produced the most
contigs (842,405) in a 1.1 Gb assembly (15.0% genome fraction), with 381 misassemblies
and 56 kbp unaligned sequences. 81% of the reads mapped to the Velour assembly. The
smallest assembly was generated by Ray® using &-mer of 91 (Ray k91) with 12.3 Mbp
assembled into 13,847 contigs (genome fraction <0.1%). Only 3.2% of the reads mapped to
this assembly. Altogether, we found that Megahit, Minia and Meraga produced results within
a similar quality range when considering these various metrics, generated a higher contiguity
for the assemblies (Supplementary Figures SA10-SA12) and assembled a substantial part of
the genomes across a broad range of abundances. Analysis of the low and medium
complexity data sets delivered similar results (Supplementary Figs SA4-SA6, SA7-SA9).

Closely related genomes—To assess how the presence of closely related genomes
affects the performance of assembly programs, we divided genomes according to their
Average Nucleotide Identity (ANI18) to each other into “unique strains” (genomes with <
95% ANI to any other genome) and “common strains” (genomes with closely related strains
present; all genomes with an ANI >= 95% to any other genome in the dataset). When
considering the fraction of all reference genomes recovered, Meraga, Megahit and Minia
performed best (Fig. 1a). For the unique strains, Minia and Megahit had the highest genome
recovery rate (Fig. 1c; median over all genomes 98.2%), followed by Meraga (median 96%)
and VELOUR k31 _CZ2.0(median 62.9%). Notably, for the common strains, the recovery
rate dropped substantially for all assemblers (Fig. 1b). Megahit (Megahit_ep_mt/200)
recovered this group of genomes best (median 22.5%), followed by Meraga (median 12.0%)
and Minia (median 11.6%). VELOUR k31 CZ2.0showed only a genome fraction of 4.1%
(median) for this group of genomes. Thus, current metagenome assemblers produce high
quality results for genomes for which no close relatives are present. Only a small fraction of
the “common strain” genomes was assembled, with assembler-specific differences. For very
high ANI groups (>99.9%), most assemblers recovered individual genomes (Supplementary
Fig. SA16). The resolution of strain-level diversity represents a substantial challenge to all
evaluated programs.

Effect of sequencing depth—To investigate the effect of sequencing depth on the
assembly metrics, we compared the genome recovery rate (genome fraction) to the genome
sequencing coverage for the gold standard and all assemblies (Fig. 1d, Supplementary Fig.
SA2 for complete results). The chosen k-mer size affects the recovery rate (Supplementary
Fig. SA3): while small ~-mers allowed an improved recovery of low abundance genomes,
large A-mers led to a better recovery of highly abundant ones. Assemblers using multiple &
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mers (Minia, Megahit, Meraga) substantially outperformed single A~mer assemblers. Most
assemblers poorly recovered very high copy circular elements (sequencing coverage >
100x), except for Meraga and the Minia Pipeline, which both performed well for a
substantial portion, though Minia surprisingly lost all genomes with a sequencing coverage
between 80 and 200x (Fig. 1d). Notably, no program investigated contig topology, and
determined whether these were circular and complete.

Binning challenge

Metagenome assembly programs return mixtures of variable length fragments originating
from individual genomes. Metagenome binning algorithms were devised to tackle the
problem of classifying, or “binning” these fragments according to their genomic or
taxonomic origins. These “bins”, or sets of assembled sequences and reads, group data from
the genomes of individual strains or of higher-ranking taxa present in the sequenced
microbial community. Such bin reconstruction allows the subsequent analysis of the
genomes (or pangenomes) of a strain (or higher-ranking taxon) from a microbial community.
While genome binners group sequences into unlabeled genome bins, taxonomic binners
group the sequences into bins with a taxonomic label attached.

Results for five genome binners and four taxonomic binners were submitted together with
bioboxes of the respective programs in the CAMI challenge, namely for MyCC1®, MaxBin
2.020, MetaBAT?1, MetaWatt-3.522, CONCOCT?3, PhyloPythiaS+24, taxatortk?>, MEGAN
626 and Kraken?’. Submitters could choose to run their program on the provided gold
standard assemblies or on individual read samples (MEGAN 6), according to their suggested
application. We then determined their performance for addressing important questions in
microbial community studies: do they allow the recovery of high quality genome bins for
individual strains, i.e. with high average completeness (recall), and purity (precision), i.e.
low contamination levels? How does strain level diversity affect performance? How is
performance affected by the presence of non-bacterial sequences in a sample, such as viruses
or plasmids? Do current taxonomic binners allow recovery of higher-ranking taxon bins with
high quality? How does their performance vary across taxonomic ranks? Which programs
are highly precise in taxonomic assignment, so that their outputs can be used to assign taxa
to genome bins? Which software has high recall in the detection of taxon bins from low
abundance community members, as is required for metagenomes from ancient DNA and for
pathogen detection? Finally, which programs perform well in the recovery of bins from
deep-branching taxa, for which no sequenced genomes yet exist?

Recovery of individual genome bins—We first investigated the performance of each
program in the recovery of individual genome (strain-level) bins. We calculated
completeness and purity (Supplementary Methods) for every bin relative to the genome that
was most abundant in that bin in terms of assigned sequence length. In addition, we
calculated the Adjusted Rand Index (ARI) as measure of assignment accuracy for the
portion of the data assigned by the different programs. As not all programs assigned the
entire data set to genome bins, these values should be interpreted under consideration of the
fraction of data assigned (Fig. 2d). These two measures complement completeness and
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purity averaged over genome bins, as assignment accuracy is evaluated per bp, with large
bins contributing more than smaller bins in the evaluation.

For the genome binners, both average bin completeness (ranging from 34% to 80%) and
purity (ranging from 70% to 97%) varied substantially across the three datasets
(Supplementary Table 4, Supplementary Fig. B1). For the medium and low complexity
datasets, MaxBin 2.0 had the highest average values (70-80% completeness, more than
>92% purity), followed by other programs with comparably good performance in a narrow
range (completeness ranging with one exception from 50-64%, more than 75% purity).
Notably, other programs assigned a larger portion of the datasets in bp than MaxBin 2.0,
though with lower ARI (Fig. 2d). For applications where binning a larger fraction of the
dataset at the cost of some accuracy is important, therefore, programs such as MetaWatt-3.5,
MetaBAT and CONCOCT could be a good choice. The high complexity dataset was more
challenging to all programs, with average genome completeness decreasing to around 50%
and more than 70% purity, except for MaxBin 2.0 and MetaWatt-3.5, which showed an
outstanding purity of above 90%. The programs either assigned only a smaller dataset
portion (>50% of the sample bp, MaxBin 2.0) with high ARI or assigned a larger fraction
with lower ARI (more than 90% with less than 0.5 ARI). The exception was MetaWatt-3.5,
which assigned more than 90% of the dataset with an ARI larger than 0.8, thus best
recovering abundant genomes from the high complexity dataset. Overall, MetaWatt-3.5,
closely followed by MaxBin 2.0, recovered the most genomes with high purity and
completeness from the three datasets (Fig. 2c, Supplementary Table 17).

Effect of strain diversity—When considering only unique strains, the performance of all
genome binners improved substantially, both in terms of average purity and completeness
per genome bin (Fig. 2a). For the medium and low complexity datasets, all had a purity of
above 80%, while completeness was more variable. MaxBin 2.0 performed best across all
three datasets, showing more than 90% purity and 70% or more completeness. An almost
equally good performance for two datasets was delivered by MetaBAT, CONCOCT and
MetaWatt-3.5.

For the “common strains” of all three datasets, however, completeness decreased
substantially (Fig. 2b), similarly to purity for most programs. MaxBin 2.0 still stood out,
with more than 90% purity on all datasets. Interestingly, when considering the value of bins
reconstructed by taxon binners for genome reconstruction, taxonomic binners had lower
completeness than genome binners, but reached a similar purity, thus delivering high quality,
partial genome bins (Supplementary Material 1.4.4; Supplementary Fig. B9). Overall, the
presence of multiple related strains in a metagenome sample had a substantial effect on the
quality of the reconstructed genome bins, both for genome and taxonomic binners. Very high
quality genome bin reconstructions were attainable with genome binning programs for
“unique” strains, while the presence of several closely related strains presented a notable
hurdle to these tools.

Performance in taxonomic binning—We next investigated the performance of
taxonomic binners in recovering taxon bins at different ranks. These results can be used for
taxon-level evolutionary or functional pangenome analyses and conversion into taxonomic
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profiles. As performance metrics, the average purity (precision) and completeness (recall)
per taxon bin were calculated for individual ranks under consideration of the taxon
assignment (Supplementary Material, Binning metrics). In addition, we determined the
overall classification accuracy for each dataset, as measured by total assigned sequence
length, and misclassification rate for all assignments. While the former two measures allow
assessing performance averaged over bins, where all bins are treated equally, irrespective of
their size, the latter are influenced by the actual sample taxonomic constitution, with large
bins having a proportionally larger influence.

For the low complexity data set, PhyloPythiaS+ had the highest sample assignment accuracy,
average taxon bin completeness and purity, which were all above 75% from domain to
family level. Kraken followed, with average completeness and accuracy still above 50%
until family level. However, purity was notably lower, mostly caused by prediction of many
small false bins, which affects purity more than overall accuracy, as explained above
(Supplementary Fig. B3). Removing the smallest predicted bins (1% of the data set)
increased purity for Kraken, MEGAN, and, most strongly, for taxator-tk, for which it was
close to 100% until the order level, and above 75% until the family level (Supplementary
Fig. B4). This shows that small predicted bins by these programs are not reliable, but
otherwise, high purity can be reached for higher ranks. Below the family level no program
performed very well, with all either assigning very little data (low completeness and
accuracy, accompanied by a low misclassification rate), or performing more assignments
with a substantial amount of misclassification. Another interesting observation is the similar
performance for Kraken and Megan, which was not observed on the other datasets, though.
These programs employ different features of the data (Table 1), but rely on similar
algorithms.

The results for the medium complexity data set qualitatively agreed with those obtained for
the low complexity data set, except that Kraken, MEGAN and taxator-tk performed better
(Fig. 2e). With the smallest predicted bins removed, both Kraken and PhyloPythiaS+
performed similarly well, reaching above 75% for accuracy, average completeness and
purity until the family rank (Fig. 2f). Similarly, taxator-tk showed an average purity of
almost 75% even down to the genus level (almost 100% until order level) and MEGAN
more than 75% down to the order level, while maintaining accuracy and average
completeness of around 50%. The results of high purity taxonomic predictions can be
combined with genome bins, to enable their taxonomic labeling. The performance for the
high complexity data set was similar to that for the medium complexity data set
(Supplementary Figs. B5, B6).

Analysis of low abundance taxa—We determined which programs had high
completeness also for low abundance taxa. This is relevant when screening for pathogens in
diagnostic settings28, or for metagenome studies of ancient DNA samples. Even though a
high completeness was achieved by PhyloPythiaS+ and Kraken until the rank of family (Fig.
2e,f), it degraded for lower ranks and low abundance bins (Supplementary Fig. B7), which
are of most interest for these applications. It therefore remains a challenge to further
improve the predictive performance.
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Deep-branchers—Taxonomic binning methods commonly rely on comparisons to
reference sequences for taxonomic assignment. To investigate the effect of increasing
evolutionary distances between a query sequence and available genomes, we partitioned the
challenge datasets by their taxonomic distances to sequenced reference genomes as genomes
of new strains, species, genus or family (Supplementary Fig. B8). For genomes representing
new strains from sequenced species, all programs performed well, with generally high purity
and oftentimes high completeness, or with characteristics observed also for other datasets
(such as low completeness for taxator-tk). At increasing taxonomic distances to the
reference, performance for MEGAN and Kraken dropped substantially, in terms of both
purity and completeness, while PhyloPythiaS+ decreased most notably in purity and taxator-
tk in completeness. For deep branchers at larger taxonomic distances to the reference
collections, PhyloPythiaS+ maintained the best overall purity and completeness.

Influence of plasmids and viruses—The presence of plasmid and viral sequences had
almost no effect on the performance for binning bacterial and archaeal organisms. Although
the copy numbers of plasmids and viral data were high, in terms of sequence size, the
fraction of viral, plasmid and other circular elements was small (<1.5%, Supplementary
Table 6). Only Kraken and MEGAN 6 made predictions for the viral fraction of the data or
predicted viruses to be present, though with low purity (<30%) and completeness (<20%).

Profiling challenge

Taxonomic profilers predict the identity and relative abundance of the organisms (or higher
level taxa) from a microbial community using a metagenome sample. This does not result in
classification labels for individual reads or contigs, which is the aim of taxonomic binning
methods. Instead, taxonomic profiling is used to study the composition, diversity, and
dynamics of clusters of distinct communities of organisms in a variety of environments29-31,
In some use cases, such as identification of potentially pathogenic organisms, accurate
determination of the presence or absence of a particular taxon is important. In comparative
studies (such as quantifying the dynamics of a microbial community over an ecological
gradient), accurately determining the relative abundance of organisms is paramount.

Members of the community submitted results for ten taxonomic profilers to the CAMI
challenge: CLARK32; ‘Common kmers’ (an early version of MetaPalette33, abbreviated CK
in the figures); DUDes34; FOCUS3®; MetaPhlAn 2.036; Metaphyler3”; mOTUS38; a
combination of Quikr3?, ARK0, and SEK*! (abbreviated Quikr); Taxy-Pro*2; and TIPP43,
For several programs, results were submitted with multiple versions or different parameter
settings, bringing the number of unique submissions to twenty.

Performance trends—We employed commonly used metrics (Supplementary Material
‘Profiling Metrics’) to assess the quality of taxonomic profiling submissions with regard to
the biological questions outlined above. These can be divided into abundance metrics (L1
norm and weighted Unifrac?4) and binary classification measures (true positives, false
positives, false negatives, recall, and precision). In short, the abundance metrics assess how
well a particular method reconstructs the relative abundances in comparison to the gold
standard, with the L1 norm using the sum of differences in abundances (ranges between 0
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and 2) and Unifrac using differences weighted by distance in the taxonomic tree (ranges
between 0 and 16). The binary classification metrics assess how well a particular method
detects the presence or absence of an organism in comparison to the gold standard,
irrespective of their abundances. All metrics except the Unifrac metric (which is rank
independent) are defined at each taxonomic rank.

We observed a large degree of variability in reconstruction fidelity for all profilers across
metrics, taxonomic ranks, and samples. Each had a unique error profile, with different
profilers showing different strengths and weaknesses (Fig. 3a). In spite of this variability,
when comparing results for each sample, a number of patterns emerged. The profilers could
be placed in three categories: (1) profilers that correctly predicted the relative abundances,
(2) precise ones, and (3) profilers with high recall. To quantify this observation, we
determined the following summary statistics: for each metric, on each sample, we ranked the
profilers by their performance. Each was assigned a score for its ranking (O for first place
among all tools at a particular taxonomic rank for a particular sample, 1 for second place,
etc.). These scores were then added over the taxonomic ranks to the genus level and summed
over the samples, to give a global performance score (Fig. 3b, Supplementary Figs P1-P7,
Supplementary Table 7).

The profilers with the highest recall were Quikr, CLARK, Tipp, and Taxy-Pro (Fig. 3),
indicating their suitability for pathogen detection, where failure to identify an organism can
have severe negative consequences. The profilers with the highest recall were also among
the least precise (Supplementary Figs P8-P12) where low precision was typically due to
prediction of a large number of low abundance organisms. In terms of precision, MetaPhlAn
2.0 and “Common Kmers” demonstrated an overall superior performance, indicating that
these two are best at only predicting organisms that are actually present in a given sample
and suggesting their use in scenarios where many false positives can cause unwanted
increases in costs and effort in downstream analysis. The programs that best reconstructed
the relative abundances were MetaPhyler, FOCUS, TIPP, Taxy-Pro, and CLARK, making
such profilers desirable for analyzing organismal abundances between and among
metagenomic samples.

Often, a balance between precision and recall is desired. To assess this, we took for each
profiler one half of the sum of precision and recall and averaged this over all samples and
taxonomic ranks. The top performing programs by this criterion were Taxy-Pro vO,
(mean=0.616), MetaPhlAn 2.0 (mean=0.603), and DUDes v0 (mean=0.596).

Performance at different taxonomic ranks—Most profilers performed well at higher
taxonomic ranks (Fig. 3c and Supplementary Figs. P8-P12). A high recall was achieved until
family level, and degraded substantially below. For example, over all samples and tools at
the phylum level, the mean+SD recall was 0.845+0.194, and the median L1 norm was
0.382+0.280, both values close to each of these metrics’ optimal value (ranging from 1 to 0
and 0 to 2, respectively). The precision had the largest variability among the metrics, with a
mean phylum level value of 0.529 with a standard deviation of 0.549. Precision and recall
were simultaneously high for several methods (DUDes, Common Kmers, mOTU, and
MetaPhlAn 2.0) until the rank of order. We observed that accurately reconstructing a
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taxonomic profile is still difficult for the genus level and below. Even for the low complexity
sample, only MetaPhlAn 2.0 maintained its precision down to the species level, while the
maximum recall at genus rank for the low complexity sample was 0.545 for Quikr. Across
all profilers and samples, there was a drastic average decrease in performance between the
family and genus level of 47.5+14.9% and 51.6+18.1% for recall and precision, respectively.
In comparison, there was little change between the order and family levels, with a decrease
of only 9.7+6.9% and 8.8+26.4% for recall and precision, respectively. The other error
metrics showed similar performance trends for all samples and methods (Figs 3c and
Supplementary Figs. P13-P17).

Parameter settings and software versions—Several profilers were submitted with
different parameter settings or versions (Supplementary Table 1). For some, this had little
effect: for instance, the variance in recall among 7 different versions of FOCUS on the low
complexity sample at the family level was only 0.002. For others, this caused large changes
in performance: for instance, one version of DUDes had twice the recall compared to
another at the phylum level on the pooled high complexity sample (Supplementary Figs.
P13-P17). Interestingly, a few developers chose not to submit results beyond a fixed
taxonomic rank, such as for Taxy-Pro and Quikr. These submissions generally performed
better than default program versions submitted by the CAMI team; indicating that, not
surprisingly, experts can generate better results than when using a program’s default setting.

Performance for viruses and plasmids—In addition to microbial sequence material,
the challenge datasets also included sequences of plasmids, viruses and other circular
elements (Supplementary Table 7). We investigated the effect of including these data in the
gold standard profile for the taxonomic profilers (Supplementary Figs P18-P20). Here, the
term “filtered” is used to indicate the gold standard did not include these data, and the term
“unfiltered” indicates use of these data. The metrics affected by the presence of these data
were the abundance-based metrics (L1 norm at the superkingdom level and Unifrac), and
precision and recall (at the superkingdom level). All methods correctly detected Bacteria and
Archaea, indicated by a recall of 1.0 at the superkingdom level on the filtered samples. The
only methods to detect viruses in the unfiltered samples were MetaPhlAn 2.0 and CLARK.
Averaging over all methods and samples, the L1 norm at the superkingdom level increased
from 0.051 for the filtered samples to 0.287 for the unfiltered samples. Similarly, the Unifrac
metric increased from 7.213 for the filtered to 12.361 for the unfiltered datasets. Thus, a
substantial decrease in the fidelity of abundance estimates was caused by the presence of
viruses and plasmids in a sample.

Taxonomic profilers vs. profiles derived from taxonomic binning—We compared
the profiling results to those generated by several taxonomic binners using a simple
coverage-approximation conversion algorithm for deriving profiles from taxonomic bins
(Supplementary Methods, Figs P21-P24). Overall, the taxonomic binners were comparable
to the profilers in terms of precision and recall. At the order level, the mean precision over
all taxonomic binners was 0.595 (versus 0.401 for the profilers) and the mean recall was
0.816 (versus 0.857 for the profilers). Two binners, MEGAN 6 and PhyloPythiaS+, had
better recall than the profilers at the family level, with the degradation in performance past
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the family level being evident for the binners as well. However for precision at the family
level, PhyloPythiaS+ was the fourth, after the profilers CK_v0, MetaPhlan 2.0, and the
binner taxator-tk (Supplementary Figs P21-P22).

Abundance estimation at higher ranks was more problematic for the binners, as the L1 norm
error at the order level was 1.07 when averaged over all samples, while the profilers average
was only 0.681. Overall, though, the binners delivered slightly more accurate abundance
estimates, as the binning average Unifrac metric was 7.03, while the profiling average was
7.23. These performance differences may in part be due to the use of the gold standard
contigs as input by the binners except for MEGAN 6, though oftentimes Kraken is also
applied to raw reads, while the profilers used the raw reads.

CONCLUSIONS

Determination of program performance is essential for assessing the state of the art in
computational metagenomics. However, a lack of consensus about benchmarking datasets
and evaluation metrics has complicated comparisons and their interpretation. To tackle this
problem, CAMI has engaged the global developer community in a benchmarking challenge,
with more than 40 teams initially registering for the challenge and 19 teams handing in
submissions for the three different challenge parts. This was achieved by providing
benchmark datasets of unprecedented complexity and degree of realism, generated
exclusively from around 700 newly sequenced microbial genomes and 600 novel viruses,
plasmids and other circular elements. These spanned a range of evolutionary divergences
from each other and from publicly available reference collections. We implemented
commonly used metrics in close collaboration with the computational and applied
metagenomics communities and agreed on the metrics most important for common research
questions and biological use cases in microbiome research using metagenomics. To be of
practical value to researchers, the program submissions have to be reproducible, which
requires knowledge of reference data, parameter settings and program versions. In CAMI,
we have taken steps to ensure reproducibility by development of docker-based bioboxes*®
and encouraging developer submissions of bioboxes for the benchmarked metagenome
analysis tools, enabling their standardized execution and format usages. The benchmark
datasets, along with the CAMI benchmarking platform allow further result submissions and
their evaluation on the challenge data sets, to facilitate benchmarking of further programs.
Currently, we are extending the platform capabilities for automated benchmarking of
biobox-packaged programs on these and further data sets, as well as comparative result
visualizations.

The evaluation of assembly programs revealed a clear advantage for assemblers using a
range of A-mers compared to single A-mer assemblies (Table 1). While single A-mer
assemblies reconstructed only genomes with a certain coverage (small <-mers for low
abundant genomes, large A-mers for high abundant genomes), using multiple A-mers
significantly improved the fraction of recovered genomes. Two programs performed well in
the reconstruction of high copy circular elements, although none detected their circularities.
An unsolved challenge of metagenomic assembly for all programs is the reconstruction of
closely related genomes. A poor assembly quality or lack of assembly for these genomes
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will negatively impact subsequent contig binning, as the contigs will be missing in the
assembly output, further complicating their study.

In evaluation of the genome and taxonomic binners, all programs were found to perform
surprisingly well at genome reconstruction, if no closely related strains were present.
Taxonomic binners performed acceptably in taxon bin reconstruction down to the family
rank (Table 1). This leaves a gap in species and genus-level reconstruction that is to be
closed, also for taxa represented by single strains in a microbial community. Taxonomic
binners achieved a better precision in genome reconstruction than in species or genus-level
binning, raising the possibility that a part of the decrease of performance in low ranking
taxon assignment is due to limitations of the reference taxonomy used. A sequence-derived
reference phylogeny might represent a more suitable framework for — in that case —
“phylogenetic” binning. When comparing the average performance of taxon binners for taxa
with similar surroundings in the SILVA and NCBI reference taxonomies to those with less
agreement, we observed a significant difference for taxa with discrepant surroundings,
primarily a decreased performance for lower taxonomic ranks until family level
(Supplementary Methods, Section 1.4.5; Supplementary Table S24). Thus, the use of SILVA
might further improve taxon binning, though the lack of associated genome sequence data
represents a practical hurdle?®. Another challenge for all programs is the deconvolution of
strain-level diversity, which we found to be substantially less effective than binning of
genomes without close relatives present. For the typically covariance of read coverage based
genome binners it may require substantially larger numbers of replicate samples than those
analyzed here (up to 5) to attain a satisfactory performance.

Despite of a large variability in performance amongst the submitted profilers, most profilers
performed well with good recall and low errors in abundance estimates until the family rank,
with precision being the most variable of these metrics (Table 1). The use of different
classification algorithms, reference taxonomies, reference databases and information sources
(marker gene versus genome wide k-mer based) are likely contributors to the observed
performance differences. To enable more systematic analyses of their individual impacts,
software developers could provide configurable options for use of databases, k-mer sizes or
other specialized settings, instead of having these hard-coded. Similarly to taxonomic
binners, performance across all metrics substantially decreased for the genus level and
below. Also when taking plasmids and viruses into consideration for abundances estimates,
the performance of all programs decreased substantially, indicating a need for further
development to enable a better analysis of datasets with such content, as plasmids are likely
to be present and viral particles are not always removed by size filtration?’.

As both the sequencing technologies and the computational metagenomics programs
continue to evolve rapidly, CAMI will provide further benchmarking challenges to the
community. Long read technologies such as those by Oxford Nanopore, lllumina and
PacBio*8 are expected to become more common in metagenomics, which will in turn require
other assembly methods and may allow a better resolution of closely related genomes from
metagenomes. In the future, we also plan to tackle assessment of runtimes and RAM
requirements, to determine program suitability for different use cases, such as execution on
individual desktop machines or as part of computational metagenome pipelines provided by
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MG-RAST*9, EMG®0 or IMG/M5L. We invite everyone interested to join and work with
CAMI on providing comprehensive performance overviews of the computational
metagenomics toolkit, to inform developers about current challenges in computational
metagenomics and applied scientists of the most suitable software for their research
questions.

ONLINE METHODS

Community involvement

We organized public workshops, roundtables, hackathons and a research programme around
CAMI at the Isaac Newton Institute for Mathematical Sciences (Supplementary Fig. M1), to
decide on the principles realized in data set and challenge design. To determine the most
relevant metrics for performance evaluation, a meeting with developers of evaluation
software and of commonly used binning, profiling and assembly software was organized.
Subsequently we created biobox containers implementing a range of commonly used
performance metrics, including the ones decided as most relevant in this meeting
(Supplementary Table 8). Computational support for challenge participants was provided by
the Pittsburgh Supercomputing Center.

Standardization and reproducibility

For performance assessment, we developed several standards: we defined output formats for
profiling and binning tools, for which no widely accepted standard existed. Secondly,
standards for submitting the software itself, along with parameter settings and required
databases were defined and implemented in docker container templates named bioboxes*°.
These enable the standardized and reproducible execution of submitted programs from a
particular category. Challenge participants were encouraged to submit the results together
with their software in a docker container following the bioboxes standard. In addition to 23
bioboxes submitted by challenge participants, we generated 13 additional bioboxes and ran
them on the challenge datasets (Supplementary Table 1), working with the developers to
define the most suitable execution settings, if possible. For several submitted programs,
bioboxes using default settings were created, to compare performance with default and
expert chosen parameter settings. If required, the bioboxes can be rerun on the challenge
datasets.

Genome sequencing and assembly

Draft genomes of 310 type strain isolates were generated for the Genomic Encyclopedia of
Type Strains at the DOE Joint Genome Institute (JGI) using Illumina standard shotgun
libraries and the Illumina HiSeq 2000 platform. All general aspects of library construction
and sequencing performed at the JGI can be found at http://www.jgi.doe.gov. Raw sequence
data was passed through DUK, a filtering program developed at JGI, which removes known
Illumina sequencing and library preparation artifacts [Mingkun L, Copeland A, Han J. DUK,
unpublished, 2011]. The genome sequences of isolates from culture collections are available
in the JGI genome portal (Supplementary Table 9). Additionally, 488 isolates from the root
and rhizosphere of Arabidopsis thaliana were sequenced®. All sequenced environmental
genomes were assembled using the A5 assembly pipeline (default parameters, version
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20141120)°2 and are available for download at https://data.cami-challenge.org/participate).
A quality control of all assembled genomes was performed based on tetranucleotide content
analysis and taxonomic analyses (Supplementary Methods “Taxonomic annotation”),
resulting in 689 genomes that were used for the challenge (Supplementary Table 9).
Furthermore, we generated 1.7 Mb or 598 novel circular sequences of plasmids, viruses and
other circular elements from multiple microbial community samples of rat caecum
(Supplementary Methods, ‘Data generation®).

Challenge datasets

We simulated three metagenome datasets of different organismal complexities and sizes by
generating 150 bp paired-end reads with an Illumina HighSeq error profile from the genome
sequences of 689 newly sequenced bacterial and archaeal isolates and 598 sequences of
plasmids, viruses and other circular elements (Supplementary Methods “Metagenome
simulation”; Supplementary Tables 3, 6; Supplementary Figs D1, D2). These datasets
represent common experimental setups and specifics of microbial communities. They consist
of a 15 Gb single sample dataset from a low complexity community with log normal
abundance distribution (40 genomes and 20 circular elements), a 40 Gb differential log
normal abundance dataset with two samples of a medium complexity community (132
genomes and 100 circular elements) and long and short insert sizes, as well as a 75 Gb time
series dataset with five samples from a high complexity community with correlated log
normal abundance distributions (596 genomes and 478 circular elements). Some important
properties of the benchmark datasets are: All included species with strain-level diversity
(Supplementary Fig. D1), to explore its’ effect on program performances. They also
included viruses, plasmids and other circular elements, to assess their impact on program
performances. All datasets furthermore included genomes at different evolutionary distances
to those in reference databases, to explore their effect on taxonomic binning. For every
individual metagenome sample and for the pooled data set samples, gold standard
assemblies, genome bin and taxon bin assignments, as well as taxonomic profiles were
generated (available at https://data.cami-challenge.org/participate). The data generation
pipeline is available on GitHub and as a docker container at https://hub.docker.com/r/cami/
emsep/.

Challenge Organization

The first CAMI challenge benchmarked software for sequence assembly, taxonomic
profiling and (taxonomic) binning. To allow developers to familiarize themselves with the
data types, biobox-containers and in- and output formats, we provided simulated datasets
from public data together with a standard of truth before the start of the challenge
(Supplementary Figs M1, M2, https://data.cami-challenge.org/). Reference datasets of
RefSeq, NCBI bacterial genomes, SILVA33, and the NCBI taxonomy from 04/30/2014 were
prepared for taxonomic binning and profiling tools, to allow performance comparisons for
reference-based tools based on the same reference datasets. For future benchmarking of
reference-based programs with the challenge datasets, it will be important to use these
reference datasets, as the challenge data have subsequently become part of public reference
data collections.
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The CAMI challenge started on 03/27/2015. Challenge participants had to register on the
website for download of the challenge datasets, with 40 teams registered at that time. They
could then submit their predictions for all datasets or individual samples thereof. Optionally,
they could provide an executable biobox implementing their software together with
specifications of parameter settings and reference databases used. Submissions of assembly
results were accepted until 05/20/2015. Subsequently, a gold standard assembly was
provided for all datasets and samples, which was suggested as input for taxonomic binning
and profiling. This includes all genomic regions from the genome reference sequences and
circular elements covered by at least one read in the pooled metagenome datasets or
individual samples (Supplementary Methods, Section 1.1.3). Provision of this assembly gold
standard allowed us to decouple the performance analyses of binning and profiling tools
from assembly performance. Developers could submit their binning and profiling results
until 07/18/2015. Overall, 215 submissions representing 25 different programs were
obtained for the three challenge datasets and samples, from initially 19 external teams and
CAMI developers, with 16 teams consenting to publish (Supplementary Table 1). The
genome data used to generate the simulated datasets was kept confidential until the end of
the challenge and then released®. The CAMI challenge and toy datasets including the gold
standard are available for download and in the CAMI benchmarking platform, where further
predictions can be submitted and a range of metrics calculated for benchmarking (https://
data.cami-challenge.org/participate).

Supplementary Material

Authors

Refer to Web version on PubMed Central for supplementary material.

Alexander Sczyrbal ", Peter Hofmann23", Peter Belmannl:3.*, David Koslicki4,
Stefan Janssen3:, Johannes Droge?:3, lvan Gregor?3:6, Stephan Majda?’, Jessika
Fiedler2:3, Eik Dahms?2:3, Andreas Bremges!3:8, Adrian Fritz3, Ruben Garrido-
Oter2:3.9.10 Tye Sparholt Jgrgensen1:12.13 Nicole Shapiro!?, Philip D. Blood?®,
Alexey Gurevich®, Yang Bai®17, Dmitrij Turaev18, Matthew Z. DeMaerel?, Rayan
Chikhi2921 Niranjan Nagarajan22, Christopher Quince23, Fernando Meyer3, Monika
Balvogiaté24, Lars Hestbjerg Hansenl, Sgren J. Sgrensen’2, Burton K. H. Chia?2,
Bertrand Denis?2, Jeff L. Froulal4, Zhong Wang!4, Robert Eganl4, Dongwan Don
Kang!4, Jeffrey J. Cook?®, Charles Deltel?6:27, Michael Beckstette28, Claire
Lemaitre26:27 Pierre Peterlongo2%:27, Guillaume Rizk27:2°, Dominique Lavenier?1:27,
Yu-Wei Wu30:31, Steven W. Singer30:32, Chirag Jain33, Marc Strous34, Heiner
Klingenberg3®, Peter Meinicke35, Michael Barton!4, Thomas Lingner36, Hsin-Hung
Lin37, Yu-Chieh Liao3’, Genivaldo Gueiros Z. Silva3®, Daniel A. Cuevas38, Robert A.
Edwards38, Surya Saha39, Vitor C. Piro%041, Bernhard Y. Renard, Mihai Pop?2,
Hans-Peter Klenk43, Markus Goker#4, Nikos C. Kyrpides!4, Tanja Woykel4, Julia A.
Vorholt*>, Paul Schulze-Lefert®19, Edward M. Rubin14, Aaron E. Darlingl®, Thomas
Ratteil8, and Alice C. McHardy?:3:10

Nat Methods. Author manuscript; available in PMC 2018 May 01.


https://data.cami-challenge.org/participate
https://data.cami-challenge.org/participate

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sczyrba et al.

Page 16

Affiliations

IFaculty of Technology and Center for Biotechnology, Bielefeld University, Bielefeld,
33594 Germany 2Formerly Department for Algorithmic Bioinformatics, Heinrich
Heine University (HHU), Duesseldorf, 40225 Germany 3Department for
Computational Biology of Infection Research, Helmholtz Centre for Infection
Research (HZI), and Braunschweig Integrated Centre of Systems Biology (BRICS),
Braunschweig, 38124 and 38106 Germany “Mathematics Department, Oregon
State University, Corvallis, OR, 97331 USA ®Departments of Pediatrics and
Computer Science and Engineering, University of California, San Diego, CA, 92093
USA ®Department for Computational Genomics and Epidemiology, Max Planck
Institute for Informatics, Saarbruecken, 66123 Germany “Department of Biology,
University of Duisburg and Essen, Essen, 45141 Germany 8German Center for
Infection Research (DZIF), partner site Hannover-Braunschweig, Braunschweig,
38124 Germany °Department of Plant Microbe Interactions, Max Planck Institute for
Plant Breeding Research, Cologne, 50829 Germany °Cluster of Excellence on
Plant Sciences (CEPLAS) 'Department of Environmental Science - Environmental
microbiology and biotechnology, Aarhus University, Roskilde, 4000 Denmark
12Department of Microbiology, University of Copenhagen, Copenhagen, 2100
Denmark 13Department of Science and Environment, Roskilde University, Roskilde,
4000 Denmark “Department of Energy, Joint Genome Institute, Walnut Creek, CA,
94598 USA 15Pittsburgh Supercomputing Center, Carnegie Mellon University,
Pittsburgh, PA, 15213 USA 18Center for Algorithmic Biotechnology, Institute of
Translational Biomedicine, Saint Petersburg State University, Saint Petersburg,
199034 Russia ’Centre of Excellence for Plant and Microbial Sciences (CEPAMS)
and State Key Laboratory of Plant Genomics, Institute of Genetics and
Developmental Biology, Chinese Academy of Science & John Innes Centre, Beijing,
100101 China 8Department of Microbiology and Ecosystem Science, University of
Vienna, Vienna, 1090 Austria 1°The ithree institute, University of Technology of
Sydney, Sydney, NSW, 2007 Australia 2°Department of Computer Science,
Research Center in Computer Science (CRIStAL), Signal and Automatic Control of
Lille, Lille, 59655 France 2'National Centre of the Scientific Research (CNRS),
Rennes, 35042 France %?Department of Computational and Systems Biology,
Genome Institute of Singapore, 138672 Singapore 23Department of Microbiology
and Infection, Warwick Medical School, University of Warwick, Coventry, CV4 7AL
UK 2*Department of Computer Science, University of Tuebingen, Tuebingen, 72076
Germany 2%Intel Corporation, Hillsboro, OR, 97124 USA 26GenScale - Scalable,
Optimized and Parallel Algorithms for Genomics, Inria Rennes Bretagne Atlantique,,
Rennes, 35042 France ?’Institute of Research in Informatics and Random Systems
(IRISA), Rennes, 35042 France 28Department of Molecular Infection Biology,
Helmholtz Centre for Infection Research, Braunschweig, 38124 Germany 2°Algorizk
- IT consulting and software systems, Paris, 75013 France 3°Joint BioEnergy
Institute, Emeryville, CA, 94608 USA 3'Graduate Institute of Biomedical Informatics,
College of Medical Science and Technology, Taipei Medical University, Taipei, 110
Taiwan 22Biological Systems and Engineering Division, Lawrence Berkeley National

Nat Methods. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sczyrba et al.

Page 17

Laboratory, Berkeley, CA, 94720 USA 33School of Computational Science and
Engineering, Georgia Institute of Technology, Atlanta, GA, 30332 USA 3*Energy
Engineering and Geomicrobiology, University of Calgary, Calgary, AB, T2N 1N4
Canada 3°Department of Bioinformatics, Institute for Microbiology and Genetics,
University of Goettingen, Goettingen, 37077 Germany *Microarray and Deep
Sequencing Core Facility, University Medical Center, Goettingen, 37077 Germany
$7nstitute of Population Health Sciences, National Health Research Institutes,
Miaoli County, 35053 Taiwan 38San Diego State University, San Diego, CA, 92182
USA 39Boyce Thompson Institute for Plant Research, New York, NY, 14853 USA
4OResearch Group Bioinformatics (NG4), Robert Koch Institute, Berlin, 13353
Germany “'Coordination for the Improvement of Higher Education Personnel
(CAPES) Foundation, Ministry of Education of Brazil, Brasilia, 70040 Brazil “Center
for Bioinformatics and Computational Biology and Department of Computer
Science, University of Maryland, College Park, MD, 20742 USA “3School of Biology,
Newcastle University, Newcastle upon Tyne, NE1 7RU UK #*Leibniz Institute DSMZ
— German Collection of Microorganisms and Cell Cultures, Braunschweig, 38124
Germany “®Institute of Microbiology, Swiss Federal Institute of Technology (ETH
Zurich), Zurich, 8093 Switzerland

Acknowledgments

We thank C. Della Beffa, J. Alneberg, D. Huson, and P. Grupp for their inputs and the Isaac Newton Institute for
Mathematical Sciences for its hospitality during the programme MTG, which was supported by EPSRC Grant
Number EP/K032208/1. The sequencing work conducted by the U.S. Department of Energy Joint Genome Institute,
a DOE Office of Science User Facility, is supported under Contract No. DE-AC02-05CH11231. R.G.O.
acknowledges support by the “Cluster of Excellence on Plant Sciences” program funded by the “Deutsche
Forschungsgemeinschaft®. P.D.B was supported by the National Science Foundation under Grant No.
DBI-1458689. This work used the Extreme Science and Engineering Discovery Environment (XSEDE), which is
supported by National Science Foundation grant number OCI-1053575. Specifically, it used the Bridges and
Blacklight systems, which are supported by NSF award numbers ACI-1445606 and ACI-1041726, respectively, at
the Pittsburgh Supercomputing Center (PSC).

References

1. Turaev D, Rattei T. High definition for systems biology of microbial communities: metagenomics
gets genome-centric and strain-resolved. Curr Opin Biotechnol. 2016; 39:174-181. DOI: 10.1016/
j.cophio.2016.04.011 [PubMed: 27115497]

2. Marx V. Microbiology: the road to strain-level identification. Nat Methods. 2016; 13:401-404. DOI:
10.1038/nmeth.3837 [PubMed: 27123815]

3. Mavromatis K, et al. Use of simulated data sets to evaluate the fidelity of metagenomic processing
methods. Nat Methods. 2007; 4:495-500. DOI: 10.1038/nmeth1043 [PubMed: 17468765]

4. Lindgreen S, Adair KL, Gardner PP. An evaluation of the accuracy and speed of metagenome
analysis tools. Sci Rep. 2016; 6:19233. [PubMed: 26778510]

5. Sangwan N, Xia F, Gilbert JA. Recovering complete and draft population genomes from
metagenome datasets. Microbiome. 2016; 4:8. [PubMed: 26951112]

6. Yassour M, et al. Natural history of the infant gut microbiome and impact of antibiotic treatment on
bacterial strain diversity and stability. Sci Transl Med. 2016; 8:343ra381.

7. Bendall ML, et al. Genome-wide selective sweeps and gene-specific sweeps in natural bacterial
populations. ISME J. 2016; 10:1589-1601. DOI: 10.1038/ismej.2015.241 [PubMed: 26744812]

Nat Methods. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sczyrba et al.

Page 18

8. Li SS, et al. Durable coexistence of donor and recipient strains after fecal microbiota
transplantation. Science. 2016; 352:586-589. DOI: 10.1126/science.aad8852 [PubMed: 27126044]

9. Bai Y, et al. Functional overlap of the Arabidopsis leaf and root microbiota. Nature. 2015; 528:364—
369. DOI: 10.1038/naturel6192 [PubMed: 26633631]

10. Kashtan N, et al. Single-cell genomics reveals hundreds of coexisting subpopulations in wild
Prochlorococcus. Science. 2014; 344:416-420. DOI: 10.1126/science.1248575 [PubMed:
24763590]

11. Li D, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast single-node solution for
large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics. 2015;
31:1674-1676. DOI: 10.1093/bioinformatics/btv033 [PubMed: 25609793]

12. Chikhi R, Rizk G. Space-efficient and exact de Bruijn graph representation based on a Bloom filter.
Algorithms Mol Biol. 2013; 8:22. [PubMed: 24040893]

13. Chapman JA, et al. Meraculous: de novo genome assembly with short paired-end reads. PLoS One.
2011, 6:e23501. [PubMed: 21876754]

14. Gao S, Sung WK, Nagarajan N. Opera: reconstructing optimal genomic scaffolds with high-
throughput paired-end sequences. J Comput Biol. 2011; 18:1681-1691. DOI: 10.1089/cmb.
2011.0170 [PubMed: 21929371]

15. Boisvert S, Laviolette F, Corbeil J. Ray: simultaneous assembly of reads from a mix of high-
throughput sequencing technologies. J Comput Biol. 2010; 17:1519-1533. DOI: 10.1089/cmb.
2009.0238 [PubMed: 20958248]

16. Cook, J. PhD thesis thesis. University of Illinois at Urbana-Champaign; 2011. J Scaling short read
de novo DNA sequence assembly to gigabase genomes.

17. Mikheenko A, Saveliev V, Gurevich A. MetaQUAST: evaluation of metagenome assemblies.
Bioinformatics. 2016; 32:1088-1090. DOI: 10.1093/bioinformatics/btv697 [PubMed: 26614127]

18. Konstantinidis KT, Tiedje JM. Genomic insights that advance the species definition for
prokaryotes. Proc Natl Acad Sci USA. 2005; 102:2567-2572. DOI: 10.1073/pnas.0409727102
[PubMed: 15701695]

19. Lin HH, Liao YC. Accurate binning of metagenomic contigs via automated clustering sequences
using information of genomic signatures and marker genes. Sci Rep. 2016; 6:24175. [PubMed:
27067514]

20. Wu YW, Simmons BA, Singer SW. MaxBin20: an automated binning algorithm to recover
genomes from multiple metagenomic datasets. Bioinformatics. 2016; 32:605-607. DOI: 10.1093/
bioinformatics/btv638 [PubMed: 26515820]

21. Kang DD, Froula J, Egan R, Wang Z. MetaBAT, an efficient tool for accurately reconstructing
single genomes from complex microbial communities. PeerJ. 2015; 3:e1165. [PubMed: 26336640]

22. Strous M, Kraft B, Bisdorf R, Tegetmeyer HE. The binning of metagenomic contigs for microbial
physiology of mixed cultures. Front Microbiol. 2012; 3:410. [PubMed: 23227024]

23. Alneberg J, et al. Binning metagenomic contigs by coverage and composition. Nat Methods. 2014;
11:1144-1146. DOI: 10.1038/nmeth.3103 [PubMed: 25218180]

24. Gregor |, Droge J, Schirmer M, Quince C, McHardy AC. PhyloPythiaS+: a self-training method
for the rapid reconstruction of low-ranking taxonomic bins from metagenomes. PeerJ. 2016;
4:el603.

25. Droge J, Gregor |, McFlardy AC. Taxator-tk: precise taxonomic assignment of metagenomes by
fast approximation of evolutionary neighborhoods. Bioinformatics. 2015; 31:817-824. DOI:
10.1093/bioinformatics/btu745 [PubMed: 25388150]

26. Huson DH, et al. MEGAN Community Edition - Interactive Exploration and Analysis of Large-
Scale Microbiome Sequencing Data. PLoS Comput Biol. 2016; 12:€1004957.

27. Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence classification using exact
alignments. Genome Biol. 2014; 15:R46. [PubMed: 24580807]

28. Miller RR, Montoya V, Gardy JL, Patrick DM, Tang P. Metagenomics for pathogen detection in
public health. Genome Med. 2013; 5:81. [PubMed: 24050114]

29. Arumugam M, et al. Enterotypes of the human gut microbiome. Nature. 2011; 473:174-180. DOI:
10.1038/nature09944 [PubMed: 21508958]

Nat Methods. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sczyrba et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 19

Human Microbiome Project, C. Structure, function and diversity of the healthy human
microbiome. Nature. 2012; 486:207-214. DOI: 10.1038/naturell234 [PubMed: 22699609]

Koren O, et al. A guide to enterotypes across the human body: meta-analysis of microbial
community structures in human microbiome datasets. PLoS Comput Biol. 2013; 9:e1002863.
[PubMed: 23326225]

Ounit R, Wanamaker S, Close TJ, Lonardi S. CLARK: fast and accurate classification of
metagenomic and genomic sequences using discriminative k-mers. BMC Genomics. 2015; 16:236.
[PubMed: 25879410]

Koslicki D, Falush D. MetaPalette: a k-mer Painting Approach for Metagenomic Taxonomic
Profiling and Quantification of Novel Strain Variation. mSystems. 2016; 1

Piro VC, Lindner MS, Renard BY. DUDes: a top-down taxonomic profiler for metagenomics.
Bioinformatics. 2016; 32:2272-2280. DOI: 10.1093/bioinformatics/btw150 [PubMed: 27153591]

Silva GG, Cuevas DA, Dutilh BE, Edwards RA. FOCUS: an alignment-free model to identify
organisms in metagenomes using non-negative least squares. PeerJ. 2014; 2:e425. [PubMed:
24949242]

Segata N, et al. Metagenomic microbial community profiling using unique clade-specific marker
genes. Nat Methods. 2012; 9:811-814. DOI: 10.1038/nmeth.2066 [PubMed: 22688413]

Liu B, Gibbons T, Ghodsi M, Treangen T, Pop M. Accurate and fast estimation of taxonomic
profiles from metagenomic shotgun sequences. BMC Genomics. 2011; 12(Suppl 2):S4.

Sunagawa S, et al. Metagenomic species profiling using universal phylogenetic marker genes. Nat
Methods. 2013; 10:1196-1199. DOI: 10.1038/nmeth.2693 [PubMed: 24141494]

Koslicki D, Foucart S, Rosen G. Quikr: a method for rapid reconstruction of bacterial communities
via compressive sensing. Bioinformatics. 2013; 29:2096-2102. DOI: 10.1093/bioinformatics/
btt336 [PubMed: 23786768]

Koslicki D, et al. ARK: Aggregation of Reads by K-Means for Estimation of Bacterial Community
Composition. PLoS One. 2015; 10:e0140644. [PubMed: 26496191]

Chatterjee S, et al. SEK: sparsity exploiting k-mer-based estimation of bacterial community
composition. Bioinformatics. 2014; 30:2423-2431. DOI: 10.1093/bioinformatics/btu320
[PubMed: 24812337]

Klingenberg H, Asshauer KP, Lingner T, Meinicke P. Protein signature-based estimation of
metagenomic abundances including all domains of life and viruses. Bioinformatics. 2013; 29:973—
980. DOI: 10.1093/bioinformatics/btt077 [PubMed: 23418187]

Nguyen NP, Mirarab S, Liu B, Pop M, Warnow T. TIPP: taxonomic identification and phylogenetic
profiling. Bioinformatics. 2014; 30:3548-3555. DOI: 10.1093/bioinformatics/btu721 [PubMed:
25359891]

Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing microbial
communities. Appl Environ Microbiol. 2005; 71:8228-8235. DOI: 10.1128/AEM.
71.12.8228-8235.2005 [PubMed: 16332807]

Belmann P, et al. Bioboxes: standardised containers for interchangeable bioinformatics software.
Gigascience. 2015; 4:47. [PubMed: 26473029]

Balvociute M, Huson DH. SILVA, RDP, Greengenes, NCBI and OTT - how do these taxonomies
compare? BMC Genomics. 2017; 18:114. [PubMed: 28361695]

Thomas T, Gilbert J, Meyer F. Metagenomics - a guide from sampling to data analysis. Microb
Inform Exp. 2012; 2:3. [PubMed: 22587947]

Koren S, Phillippy AM. One chromosome, one contig: complete microbial genomes from long-
read sequencing and assembly. Curr Opin Microbiol. 2015; 23:110-120. DOI: 10.1016/j.mib.
2014.11.014 [PubMed: 25461581]

Wilke A, et al. The MG-RAST metagenomics database and portal in 2015. Nucleic Acids Res.
2016; 44:D590-594. DOI: 10.1093/nar/gkv1322 [PubMed: 26656948]

Mitchell A, et al. EBI metagenomics in 2016—an expanding and evolving resource for the analysis
and archiving of metagenomic data. Nucleic Acids Res. 2016; 44:D595-603. DOI: 10.1093/nar/
gkv1195 [PubMed: 26582919]

Chen IA, et al. IMG/M: integrated genome and metagenome comparative data analysis system.
Nucleic Acids Res. 2016

Nat Methods. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sczyrba et al. Page 20

52. Coil D, Jospin G, Darling AE. A5-miseq: an updated pipeline to assemble microbial genomes from
Illumina MiSeq data. Bioinformatics. 2015; 31:587-589. DOI: 10.1093/bioinformatics/btu661
[PubMed: 25338718]

53. Pruesse E, et al. SILVA: a comprehensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 2007; 35:7188-7196.
DOI: 10.1093/nar/gkm864 [PubMed: 17947321]

Nat Methods. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sczyrba et al.

Page 21
a b c

Nk&?!'g . ; [l: - v : P R .
Meraga k33-463] ———— I e e
Vebur 63040 | [ —— | | [———— =+ =
veiour k63 c2.01 [ERIIH— | == | *

velour k31 04,011 [IIIINNNNNNH——— | 1 [—== oes e omme e
veouo 20! [————— | q[—rmmmms | o —— O —
Megant oo mez00 1| ——— (] | | (I | |+ v ——
gt sz1-c01| —— (] | | (I | | - e ]
Megan21-461] — [N | | N | |+ oo}

Payi o = mee e memien | e e pooo
Ray k711 fmmwes cmsome 10 smmess e [owe = e PR foe trime e =
MBWW‘= -_._. PO ! '—-—s-u-....-.-om—
payyo| [l - (|
a1 | — I | | | | - - eeoe ]
Gold Standard + oo et | oo e || 4
% 25 % 7 10 0 75 5 75 100 0 5 W 75 1
Genome Fraction [%] Genome Fraction [%] Genome Fraction [%]

L

.y

.. .
/:/_-f;,—‘:-.ft T

B oty

[ T . s . SR i —d———— S —

Ganorre Fracton [%)]

o B 8 3 Bo B 8 3 B, ¥ 8 9 8ok v 3 8o % B ¥ Bo u w 3y Bo R B Y

RTINS 4 i O S
E
] o T
Coverage

Figure 1.
Boxplots representing the fraction of reference genomes assembled by each assembler for

the high complexity data set. (a): all genomes, (b): genomes with ANI >=95%, (c): genomes
with ANI < 95%. Coloring indicates the results from the same assembler incorporated in
different pipelines or with other parameter settings. (d): genome recovery fraction versus
genome sequencing depth (coverage) for the high complexity data set. Data were classified
as unigque genomes (ANI < 95%, brown color), genomes with related strains present (ANI
>= 95%, blue color) and high copy circular elements (green color). The gold standard
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includes all genomic regions covered by at least one read in the metagenome dataset,
therefore the genome fraction for low abundance genomes can be less than 100%.
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Figure2.

Average purity (x-axis) and completeness (y-axis) and their standard errors (bars) for
genomes reconstructed by genome binners; for genomes of unique strains with equal to or
less than 95% ANI to others (a) and common strains with more than 90% ANI to each other
(b). For each program and complexity dataset, the submission with the largest sum of purity
and completeness is shown (Supplementary Tables 1, 10, 12). In each case, small bins
adding up to 1% of the data set size were removed. (¢) Number of genomes recovered with
varying completeness and contamination (1-purity, Supplementary Table S17). (d) The
Adjusted Rand Index (ARI, x-axis) in relation to fraction of the sample assigned (in
basepairs) by the genome binners (y-axis). The ARI was calculated excluding unassigned
sequences, thus reflects the assignment accuracy for the portion of the data assigned. (e,f)
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Taxonomic binning performance metrics across ranks for the medium complexity data set,
with (e) results for the complete data set and (f) with smallest predicted bins summing up to
1% of the data set removed. Shaded areas indicate the standard error of the mean in
precision (purity) and recall (completeness) across taxon bins.
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Figure 3.
(a) Relative performance of profilers for different ranks and with different error metrics

(weighted Unifrac, L1 norm, recall, precision, and false positives), shown here exemplarily
for the microbial portion of the first high complexity sample. Each error metric was divided
by its maximal value to facilitate viewing on the same scale and relative performance
comparisons. A method’s name is given in red (with two asterisks) if it returned no
predictions at the corresponding taxonomic rank. (b) Best scoring profilers using different
performance metrics summed over all samples and taxonomic ranks to the genus level. A
lower score indicates that a method was more frequently ranked highly for a particular
metric. The maximum (worst) score for the Unifrac metric is 38 = (18 + 11 + 9) profiling
submissions for the low, medium and high complexity datasets respectively), while the
maximum score is 190 for all other metrics (= 5 taxonomic ranks * (18 + 11 + 9) profiling
submissions for the low, medium and high complexity datasets respectively). (c) Absolute
recall and precision for each profiler on the microbial (filtered) portion of the low
complexity data set across six taxonomic ranks. Abbreviations are FS (FOCUS), T-P (Taxy-
Pro), MP2.0 (MetaPhlAn 2.0), MPr (Metaphyler), CK (Common Kmers) and D (DUDes).
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Page 26

Computational metagenomics programs evaluated in the CAMI challenge. See Supplementary Tables S16 and
S17 for detailed genome and taxon binning performance statistics.

Software Assemblers

Description

Performance profiles

Megahit v.0.2.2

Ray Meta v2.3.2

Meraga v2.0.4

Minia 2 and Minia 3

A*

Velour

Metagenome assembler using multiple k-mer sizes
and succinct de Bruijn graphs

Distributed de Bruijn graph metagenome assembler

Meraculous + Megahit

De Bruijn graph assembler based on a Bloom filter

OperaMS Scaffolder using SOAPde novo2 on
medium complexity and Ray assemblies on low and
high complexity data sets

De Bruijn graph genome assembler

Assembly of unique genomes across a broad
abundance range.

Assembly of abundant, unique genomes, dependent
on k-mer size.

Assembly of unique genomes across a broad
abundance range, assembly of high coverage (>600)
circular elements.

Assembly of unique genomes across a broad
abundance range, assembly of high coverage (>200)
circular elements.

Assembly of abundant, unique genomes.

Assembly of abundant, unique genomes, dependent
on k-mer size.

Genome and taxonomic
binners

CONCOCT

MaxBin 2.0

MetaBAT

MetaWatt-3.5

MyCC

Kraken

Megan 6

PhyloPythiaS+

taxator-tk

Genome binner using differential coverage,
tetranucleotide frequencies, paired-end linkage

Genome binner using multi-sample coverage,
tentranucleotide frequencies

Genome binner using multi-sample coverage,
tetranucleotide frequencies, paired-end linkage

Genome binner using tetranucleotide frequencies

Genome binner using short k-mer frequencies,
multi-sample coverage, and 40 universal
phylogenetic marker genes

Taxonomic binner using long k-mers and Lowest
Common Ancestor (LCA) related assignments. Also
returns a taxonomic profile.

Taxonomic binner using sequence similarities and
LCA-related assignments

Taxonomic binner using k-mer frequencies
(4-6mers), structural SVM

Taxonomic binner using sequence homology and
taxon placement algorithm

Near complete (>95%) assignment of datasets at
some cost for average genome purity and
completeness.

Largest average purity and completeness across
entire abundance range. Recovery of 2" most
genomes with high purity and completeness.

Assignment of a large portion (>88%) of datasets at
some costs for average genome purity and
completeness.

Recovery of the most genomes with high purity and
completeness; near complete assignment of datasets
at some cost for average genome purity and
completeness.

Near complete assignment of datasets at some cost
for average genome purity and completeness.

Good performance until family level; substantial
decrease below. When removing small predicted
bins, 2" best sum of purity and completeness for
taxon bins, completeness, overall sample assignment
accuracy and bases assigned.

Also rank-dependent performance. When removing
small predicted bins, 2" lowest misclassification rate
(fraction of false predictions), mid-range
performance otherwise.

Good performance until family level; substantial
decrease below. Best sum of purity and
completeness, completeness, overall sample
assignment accuracy and bases assigned. Best for
deep brancher binning.

When removing small predicted bins, highest purity
and lowest misclassification rate, but very low
completeness. Suggested application: taxon labeling
of genome bins.

Taxonomic profilers
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Software Assemblers

Description

Performance profiles

MetaPhyler

mOTU

Quikr/ARK/SEK

Taxy-Pro

TIPP

CLARK

Common Kmers/MetaPalette

DUDes

FOCUS

MetaPhIAN 2.0

Phylogenetic marker genes
Phylogenetic marker genes
k-mer based nonnegative least squares using

extracted 16S rRNA sequences.

Mixture model analysis of protein signatures

Marker genes and SATE phylogenetic placement

Phylogenetically discriminative k-mers

Long k-mer based nonnegative least squares

Read mapping and deepest uncommon descendant

k-mer based nonnegative least squares

Clade specific marker genes

Best inference of taxon relative abundances to the
family level, moderately high recall at the cost of
very low precision.

Neither best nor worst with any metric, with a slight
favoring of precision over recall.

Highest recall with second worst precision. Suitable
mostly for higher taxonomic ranks. Relatively good
abundance estimation for low complexity samples
and at higher taxonomic ranks.

Very good inference of taxon relative abundances to
the family level, high recall and low precision.

Accurate inference of taxon relative abundances
down to the family level, high recall and low
precision.

High recall and decidedly worst precision for all
ranks and complexity levels.

Comparable to MetaPhlAn2.0 (high precision with
low recall), but more accurate inference of relative

taxon abundances at the cost of fewer distinguished
species.

Tool parameters substantially affect tradeoff between
precision and recall, particularly at lower taxonomic
ranks and for high complexity samples.

Good inference of relative abundances down to the
family level, low precision and recall, especially for
lower taxonomic ranks.

Most precise method by far with ability to
distinguish between a few species, low recall.
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