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NATURE METHODS

results, unique genome assemblies again were superior, for marine
genomes by 9.7% in strain recall, 19.3% genome fraction, sevenfold
NGA50 and 6.5% strain precision, resulting in more complete and
less fragmented assemblies (Fig. 1 and Supplementary Tables 4-7).

ANALYSIS

This was even more pronounced on the strain-madness dataset,
with a 79.1% difference in strain recall, 75.9% genome fraction,
20.6% strain precision and 50-fold NGAS50. Although there were
more misassemblies for unique than for common genomes (+1.5 in
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Fig. 2 | Performance of genome binners on short-read assemblies (GSA and MA, MEGAHIT) of the marine, strain-madness, and plant-associated
data. a, Boxplots of average completeness, purity, ARI, percentage of binned bp and fraction of genomes recovered with moderate or higher

quality (>50% completeness, <10% contamination) across methods from each dataset (Methods). Arrows indicate the average. b-g, Boxplots of
completeness per genome and purity per bin, and bar charts of ARI, binned bp and moderate or higher quality genomes recovered, by method, for
each dataset: marine GSA (b), marine MA (c), strain-madness GSA (d), strain-madness MA (e), plant-associated GSA (f) and plant-associated
MA (g). The submission with the highest F1-score per method on a dataset is shown (Supplementary Tables 9-15). Boxes in boxplots indicate the
interquartile range of n results, the center line the median and arrows the average. Whiskers extend to 1.5 x interquartile range or to the maximum
and minimum if there is no outlier. Outliers are results represented as points outside 1.5 X interquartile range above the upper quartile and below the
lower quartile.
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Fig. 3 | Taxonomic binning performance across ranks per dataset. a, Marine. b, Strain-madness. ¢, Plant-associated. Metrics were computed over
unfiltered (solid lines) and 1%-filtered (that is, without the 1% smallest bins in bp, dashed lines) predicted bins of short reads (SR), long reads (LR) and
contigs of the GSA. Shaded bands show the standard error across bins.
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Fig. 4 | Taxonomic profiling results for the marine and strain-madness datasets at genus level. a,b, Marine datasets. ¢,d, Strain-madness datasets.
Results are shown for the overall best ranked submission per software version (Supplementary Tables 33 and 35, and Supplementary Fig. 12). a,c, Purity
versus completeness. b,d, Upper bound of L1 norm (2) minus actual L1 norm versus upper bound of weighted UniFrac error (16) minus actual weighted
UniFrac error. Symbols indicate the mean over ten marine and 100 strain-madness samples, respectively, and error bars the standard deviation. Metrics

were determined using OPAL with default settings.

received (Supplementary Table 39). The number of identified taxa
per result varied considerably (Supplementary Fig. 16). Three sub-
missions correctly identified the causal pathogen, Crimean-Congo
hemorrhagic fever orthonairovirus (CCHFV), using the taxonomic
profilers MetaPhlAn v.2.2, Bracken v.2.5 and CCMetagen v.1.1.3
(ref. ). Another submission using Bracken v.2.2 correctly identi-
fied orthonairovirus, but not as the causal pathogen.

Computational requirements. We measured the runtimes
and memory usage for submitted methods across the marine
and strain-madness data (Fig. 5, Supplementary Table 40 and
Methods). Efficient methods capable of processing the entire
datasets within minutes to a few hours were available in every
method category, including some top ranked techniques with
other metrics. Substantial differences were seen within catego-
ries and even between versions, ranging from methods execut-
able on standard desktop machines to those requiring extensive
hardware and heavy parallelization. MetaHipMer was the fast-
est assembler and required 2.1h to process marine short reads,
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3.3% less than the second fastest assembler, MEGAHIT. However,
MetaHipMer used the most memory (1,961 gigabytes (GB)).
MEGAHIT used the least memory (42 GB), followed by GATB
(56.6 GB). On marine assemblies, genome binners on aver-
age required roughly three times less time than for the smaller
strain-madness assemblies (29.2 versus 86.1h), but used almost
4X more memory (69.9 versus 18.5GB). MetaBAT v.2.13.33 was
the fastest (1.07 and 0.05h) and most memory efficient binner
(maximum memory usage 2.66 and 1.5GB) on both datasets. It
was roughly 5 and 635x faster than the second fastest method,
Vamb v.fa045c0, roughly 6x faster than LSHVec v.1dfe822 on
marine and 765X faster than SolidBin v.1.3 on strain-madness
data; roughly twice and 5x more memory efficient than the next
ranking MaxBin v.2.0.2 and CONCOCT v.1.1.0 on marine data,
respectively. Both MetaBAT and CONCOCT were substantially
(roughly 11X and 4x) faster than their CAMI 1 versions. Like
genome binners, taxonomic binners ran longer on the marine
than the strain-madness assemblies, for example PhyloPythiaS+
with 287.3 versus 36 h, respectively, but had a similar or slightly
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Fig. 5 | Computational requirements of software from all categories. a, Runtime. b, Maximum memory usage. Results are reported for the marine and
strain-madness read data or GSAs (Supplementary Table 40). The x axes are log scaled and the numbers given are the software version numbers.

higher memory usage. On the marine read data, taxon profilers,
however, were almost 4x faster on average (16.1 versus 60.8h)
than on the ten times larger strain-madness read dataset, but used
more memory (38.1 versus 25 GB). The fastest and most memory
efficient taxonomic binner was Kraken, requiring only 0.05 and
0.02h, respectively, and roughly 37 GB memory on both datasets,
for reads or contigs. It was followed by DIAMOND, which ran
roughly 500X and 910X as long on the marine and strain-madness
GSAs, respectively. FOCUS v.1.5 (ref. **) and Bracken v.2.2 were
the fastest profilers on the marine (0.51, 0.66 h, respectively) and
strain-madness (1.89, 3.45h) data. FOCUS v.1.5 also required the
least memory (0.16 GB for marine, 0.17 GB for strain-madness),
followed by mOTUs v.1.1.1 and MetaPhlAn v.2.2.0.

Discussion

Assessing metagenomic analysis software thoroughly, comprehen-
sively and with little bias is key for optimizing data processing strate-
gies and tackling open challenges in the field. In its second round,
CAMI offered a diverse set of benchmarking challenges across a
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comprehensive data collection reflecting recent technical develop-
ments. Overall, we analyzed 5,002 results of 76 program versions
with different parameter settings across 131 long- and short-read
metagenome samples from four datasets (marine, plant-associated,
strain-madness, clinical pathogen challenge). This effort increased
the number of results 22x and the number of benchmarked software
versions 3x relative to the first challenge, delivering extensive new
insights into software performances across a range of conditions. By
systematically assessing runtime and memory requirements, we added
two more key performance dimensions to the benchmark, which are
important to consider given the ever-increasing dataset sizes.

In comparison to software assessed in the first challenges,
assembler performances rose by up to 30%. Still, in the presence of
closely related strains, assembly contiguity, genome fractions and
strain recall decreased, suggesting that most assemblers, sometimes
intentionally'**, did not resolve strain variation, resulting in more
fragmented, less strain-specific assemblies. In addition, genome
coverage, parameter settings and data preprocessing impacted
assembly quality, while performances were similar across software

NATURE METHODS | VOL 19 | APRIL APRIL | 429-440 | www.nature.com/naturemethods

E5 | FrAEABE T EER, a, BAEE, b, RANFEA . &RMEEFFERRE R RHEHGCSA K R40) o xBh
HIRBATE, B HAKT ARERAT .



i

X R A AL TR HATHR. 28 B 1w LA 6 2 A EE A SR o AR 2 LB TT R R K . EH
B, CAMIRH#T EZAHEE WL HMERNRLEE, KRBT ZHARARLE. ShTE, KN TREEAD
HiEE CREF. EYEX, BHRIE. BRFEERER) BBINMKEEMEEEREFERE K LT RFRATE S
BLEWS,0021M R, X—HFAELERKERN TR —RREE T 226, HANKAKERAKEL W TIE, A&
FeABF TR R HET 2 L. B RGP EETHEMAFERR, KAOTAZEEN RGP T AA- @ %
B, ZRETHERKNEEEAD, B—AREER,

E& Rk F PR, ARSEREST £430%. REWL, EFEFVMARERNELT, Adx&E
S, FRABZEMEKBEEETE, RAASHARBANZI AR MAEKRER, SREFAN. EDEKR
FERAX, W, ERARZE. SR EMBETABERHEARRE, IFRRFRAZ A EERAN. A% HR
RO EEFAREAFZRERAAEE, KRBEMBAAXEAETNEERE. AT, RE4HARERUA KNI (W16S
rRNAR ) RIAEH, RASZHEERBRIKE T ERENER., BRAERBEAIHEAT LRI LR E WA RE KRS
B, RAKEEA ST ELE k.

5% —RCAMI#kE A, BRI HERTT — AR, ERASZHEF LM ENTHRAEFRE. EhWE, £EHA
AREBEETPEEERB A RAL AN, FREFEPRRVARREZDFRRERIRE, NESTHE
RRELERNAEHABRW. ¥ THEAEAKEFAARGBEEENENE TN ATEFL, WRET &R

B0

NTrRFNAERIATE, FEERETEREETNRGETH, EEMEEMETRTRIART. RAELMEE
F—RIBUKREE R, EoXETER., FEMEZHMETTERARAEZ BN EREDN. Ha B R U LR
BRe, EEWEMNFAEEETR. BTE R BEECEmRENXEFTL, ZESATTARENERERTE -
Rkt (BHETEERCENREBRATR) . TEMRENERCRK, RATLXEFEY RESFFI| K67
BAFR 7N ANSENERE, AlERRRERE T, LRRZRAT BoRmERER. 4, BT ALRKE, &F
—NRIMERM, RAXLFENFRE, UREASEES LRTIE. REGEREZEFAFARERL AR
HAREREA, EEAHEEELEENLU oA

TEEE kP, CAMI#E T HILEERARG LA B EBUR SRR ME T EREELE KBRS
, AEF TR EFAEREE, W, EUMEMHABEE L A SR E AT E & T UK AT
REZNR, CAMIEZ — MR XSS H, RATE BT A A B S 4R 8 2B R RS BBy A A A1
EENE: B A%, *NFT 5% LEh. Nature Researchif &HE. BEHKIE. ¥ EHXKE. hAEEA. Bi#t. BTEFE
By fEFTE AR m o R ERE; U REEM R A B 5 ZEhttps: //doi. org/10. 1038/s41592-022-01431-43% B

RAEE . 20214E7TH 220 #2 HH: 202242 14H; L L FHE: 2022464 F8H

S22 3Rk

1. Ghurye, J. S., Cepeda-Espinoza, V. & Pop, M. Metagenomic assembly: overview, challenges and applications. Yale J.
Biol. Med. 89, 353-362 (2016).

2. Breitwieser, F. P., Lu, J. & Salzberg, S. L. A review of methods and databases for metagenomic classification and
assembly. Brief. Bioinform. 20, 1125-1136 (2019).

3. Sangwan, N., Xia, F. & Gilbert, J. A. Recovering complete and draft population genomes from metagenome datasets.
Microbiome 4, 8 (2016).

4. Sczyrba, A. et al. Critical Assessment of Metagenome Interpretation: a benchmark of metagenomics software. Nat.
Methods 14, 1063-1071 (2017).

5. McIntyre, A. B. R. et al. Comprehensive benchmarking and ensemble approaches for metagenomic classifiers. Genome
Biol. 18, 182 (2017).

6. Van Den Bossche, T. et al. Critical Assessment of Metaproteome Investigation (CAMPI): a multi-lab comparison of
established workflows. Nat. Commun. 12, 7305 (2021).

7. Commichaux, S. et al. A critical assessment of gene catalogs for metagenomic analysis. Bioinformatics 37, 2848-2857
(2021).



8. Wilkinson, M. D. et al. The FAIR Guiding Principles for scientific data management and stewardship. Sci. Data 3,

9.

10.
11.

12.
13.

14.
15.
16.
17.

18.
19.

20.
21.
22.

23.

24.
25.

26.

217.

28.

29.

30.

31.
32.

33.

34.

35.

36.
37.
38.

160018 (2016).

Pasolli, E. et al. Extensive unexplored human microbiome diversity revealed by over 150,000 genomes from

metagenomes spanning age, geography, and lifestyle. Cell 176, 649-662.¢e20 (2019).
Almeida, A. et al. A new genomic blueprint of the human gut microbiota. Nature 568, 499-504 (2019).

Bremges, A. & McHardy, A. C. Critical assessment of metagenome interpretation enters the second round. mSystems 3,
e00103-e00118 (2018).

Turnbaugh, P. J. et al. The human microbiome project. Nature 449, 804-810 (2007).

Meyer, F. et al. Tutorial: assessing metagenomics software with the CAMI benchmarking toolkit. Nat. Protoc. 16,
1785-1801 (2021).

Nawy, T. Microbiology: the strain in metagenomics. Nat. Methods 12, 1005 (2015).
Segata, N. On the road to strain-resolved comparative metagenomics. mSystems 3, e00190-17 (2018).
Fritz, A. et al. CAMISIM: simulating metagenomes and microbial communities. Microbiome 7, 17 (2019).

Mikheenko, A., Saveliev, V. & Gurevich, A. MetaQUAST: evaluation of metagenome assemblies. Bioinformatics 32,
1088-1090 (2016).

Fritz, A. et al. Haploflow: strain-resolved de novo assembly of viral genomes. Genome Biol. 22, 212 (2021).

Li, D., Liu, C.-M., Luo, R., Sadakane, K. & Lam, T.-W. MEGAHIT: an ultra-fast single—node solution for large and

complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 31, 1674-1676 (2015).
Hofmeyr, S. et al. Terabase—scale metagenome coassembly with MetaHipMer. Sci. Rep. 10, 10689 (2020).
Drezen, E. et al. GATB: genome assembly & analysis tool box. Bioinformatics 30, 2959-2961 (2014).

Chikhi, R. & Rizk, G. Space—efficient and exact de Bruijn graph representation based on a Bloom filter. Algorithms
Mol. Biol. 8, 22 (2013).

Kolmogorov, M. et al. metaFlye: scalable long-read metagenome assembly using repeat graphs. Nat. Methods 17,
11031110 (2020).

Simpson, J. T. et al. ABySS: a parallel assembler for short read sequence data. Genome Res. 19, 1117-1123 (2009).

Bertrand, D. et al. Hybrid metagenomic assembly enables high-resolution analysis of resistance determinants and
mobile elements in human microbiomes. Nat. Biotechnol. 37, 937-944 (2019).

Nurk, S., Meleshko, D., Korobeynikov, A. & Pevzner, P. A. metaSPAdes: a new versatile metagenomic assembler.
Genome Res. 27, 824-834 (2017).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics
30, 2114-2120 (2014).

Li, M., Copeland, A. & Han, J. DUK - A Fast and Efficient Kmer Based Sequence Matching Tool, Lawrence Berkeley
National Laboratory. LBNL Report #: LBNL-4516E-Poster (2011).

Boisvert, S., Raymond, F., Godzaridis, E., Laviolette, F. & Corbeil, J. Ray Meta: scalable de novo metagenome
assembly and profiling. Genome Biol. 13, R122 (2012).

Maguire, F. et al. Metagenome-assembled genome binning methods with short reads disproportionately fail for
plasmids and genomic Islands. Micro. Genom. 6, mgen000436 (2020).

Li, H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094-3100 (2018).

Bland, C. et al. CRISPR recognition tool (CRT): a tool for automatic detection of clustered regularly interspaced
palindromic repeats. BMC Bioinf. 8, 209 (2007).

Couvin, D. et al. CRISPRCasFinder, an update of CRISRFinder, includes a portable version, enhanced performance and
integrates search for Cas proteins. Nucleic Acids Res. 46, W246-W251 (2018).

Mreches, R. et al. GenomeNet/deepG: DeepG pre-release version. Zenodo https://doi.org/10.5281/zenodo. 5561229
(2021).

Human Microbiome Project Consortium. Structure, function and diversity of the healthy human microbiome. Nature
486, 207-214 (2012).

Meyer, F. et al. AMBER: assessment of metagenome BinnERs. Gigascience 7, giy069 (2018).
Alneberg, J. et al. Binning metagenomic contigs by coverage and composition. Nat. Methods 11, 1144-1146 (2014).

Wu, Y.-W., Simmons, B. A. & Singer, S. W. MaxBin 2.0: an automated binning algorithm to recover genomes from
multiple metagenomic datasets. Bioinformatics 32, 605-607 (2016).



39.

40.

41.
42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

Kang, D. D., Froula, J., Egan, R. & Wang, Z. MetaBAT, an efficient tool for accurately reconstructing single

genomes from complex microbial communities. PeerJ 3, ell165 (2015).

Kang, D. D. et al. MetaBAT 2: an adaptive binning algorithm for robust and efficient genome reconstruction from

metagenome assemblies. PeerJ 7, e7359 (2019).
Sun, Z. et al. Challenges in benchmarking metagenomic profilers. Nat. Methods 18, 618-626 (2021).
Meyer, F. et al. Assessing taxonomic metagenome profilers with OPAL. Genome Biol. 20, 51 (2019).

Milanese, A. et al. Microbial abundance, activity and population genomic profiling with mOTUs2. Nat. Commun. 10,
1014 (2019).

Kim, D., Song, L., Breitwieser, F. P. & Salzberg, S. L. Centrifuge: rapid and sensitive classification of
metagenomic sequences. Genome Res. 26, 1721-1729 (2016).

Segata, N. et al. Metagenomic microbial community profiling using unique clade—specific marker genes. Nat. Methods
9, 811-814 (2012).

Beghini, F. et al. Integrating taxonomic, functional, and strain—level profiling of diverse microbial communities
with bioBakery 3. eLife 10, e65088 (2021).

Lu, J., Breitwieser, F. P., Thielen, P. & Salzberg, S. L. Bracken: estimating species abundance in metagenomics
data. PeerJ Computer Sci. 3, el04 (2017).

Zhao, Z., Cristian, A. & Rosen, G. Keeping up with the genomes: efficient learning of our increasing knowledge of
the tree of life. BMC Bioinf. 21, 412 (2020).

Marcelino, V. R. et al. CCMetagen: comprehensive and accurate identification of eukaryotes and prokaryotes in
metagenomic data. Genome Biol. 21, 103 (2020).

Piro, V. C., Lindner, M. S. & Renard, B. Y. DUDes: a top—down taxonomic profiler for metagenomics. Bioinformatics

32, 2272-2280 (2016).

Shi, L. & Chen, B. LSHvec: a vector representation of DNA sequences using locality sensitive hashing and FastText
word embeddings. In Proc. 12th ACM Conference on Bioinformatics, Computational Biology, and Health Informatics
1-10 (Association for Computing Machinery, 2021).

LaPierre, N., Alser, M., Eskin, E., Koslicki, D. & Mangul, S. Metalign: efficient alignment-based metagenomic

profiling via containment min hash. Genome Biol. 21, 242 (2020).

Koslicki, D. & Falush, D. MetaPalette: a k-mer painting approach for metagenomic taxonomic profiling and
quantification of novel strain variation. mSystems 1, e00020-16 (2016).

Liu, B., Gibbons, T., Ghodsi, M., Treangen, T. & Pop, M. Accurate and fast estimation of taxonomic profiles from

metagenomic shotgun sequences. BMC Genomics 12, S4 (2011).

Shah, N., Molloy, E. K., Pop, M. & Warnow, T. TIPP2: metagenomic taxonomic profiling using phylogenetic markers.
Bioinformatics 37, 1839-1845 (2021).

Pierce, N. T., Irber, L., Reiter, T., Brooks, P. & Brown, C. T. Large-scale sequence comparisons with sourmash.
F1000Res. 8, 1006 (2019).

Chiu, C. Y. & Miller, S. A. Clinical metagenomics. Nat. Rev. Genet. 20, 341-355 (2019).
Silva, G. G. Z., Cuevas, D. A., Dutilh, B. E. & Edwards, R. A. FOCUS: an alignment-free model to identify

organisms in metagenomes using non—negative least squares. PeerJ 2, e425 (2014).

Dulanto Chiang, A. & Dekker, J. P. From the pipeline to the bedside: advances and challenges in clinical
metagenomics. J. Infect. Dis. 221, S331-S340 (2020).

W B # B Springer NatureXf B A RME M RE X R PO EENETKRFFF L.

FHHER: AXRELREZTE LA OB FFTIEHRATHET, LFUEFMENBBRET. 2F. &R, 250 EH, RELE L EHFESF
RIE, REHBETHFT LS, FEARETHTT BK.
O fE# 2022



Y

77
HXE5

KAVENFHIT 2 BRGNP U T K SR P E Fr B E R A s R A & L Chttps: //www.
microbiome—cosi. org/cami/participate/schedule) . EEHHKES EFHF T EHERGEFLFNANFHITEFITHT H
BT RS E B R 28T, EPUEBELARERT & —hIBEHNER, de. Bl HIERLEHRBET HHEZHF

ERAATES M

AR E LM EA TR R RNt HAT A CEATREAAFEL , RAORER AT EH AR
FEF ML T £ R (7 %k2, https://data. cami—challenge. org/) o T EEFEHEEE, THFRKER%Intel
XeonfL E & (2.6 GHz) BYHLE LiTfE, B H564 (EF508) 12,755
GBEWTE; NToH#BMoNE, R 4EIntel Xeon E5-4650 v4 CPU (E#LH16ACPUE, EH—4A) 512
CBENHFHINE L1Ff. FEENEGEFEM LB EHAT. RNTEH T LI — R 7% A M 147 8Docker
BioContainers, LA & A& KIFfh 1 F # BT A 4 (MetaQUAST17: https://quay. io/repository/biocontainers/qua
st, AMBER36#47https://quay. io/repository/biocontainers/cami—amber, OPAL42:

https://quay. io/repository/biocontainers/cami—opal) o

EL (A 4R Fr F4E %<

7967 F A H A E T lumina 3 i B3k 48, H F 22440k AMHEIHRINE, 17640k BT, 38440k & lE K
MiREERE R, 124 RE/NRBMEIE, FASPAdes EEFAAXHE (v.3.12) WRALHTAE. ZHRTATI
kbHy E & A, LLA @ CheckM v. 1. 01188 % By 75 4 =5% H 575 3 1 <O0%e £ [ H 4 55 . #7143 Fo 38 B & [ 41 4 | CAMITAX
AT K ¥R K, I A TECAMISIMGL A 4y % Fo 7 2 T AL SR B A LA N, v B Fo A 4 48 X 248 % 4 fl from_profilet®
A, BHRREHEESE Fde novolER . FrA M AT &% WA m AR FGitHub Chttps://github. com/CAMI-challenge/s

econd challenge evaluation/tree/master/scripts/data generation) .

AT RAHBIEE, EH T RETETZETAE B3 ACk £ & E S 648 TR A AR, fENextSeq
500_F # FNexteraill 7 X E (I1lumina) ¥#ATMF. 5F XEHeoFHAWEMEERER THRAKEEF AT
kb Hy 5 TR AL

P FHIES
MTHRESE, SEHXRBT 2ARKEGEFEAEREATRN AN ZEAAHEEHRKZBAEZEFF, UR—1
ARREEkR SN EHRE BEER. WA, ARGET A ERENERREREZLFAHESR.

TREAL100 GBHE 3 HHE & £ Bl CAMISIMAN R i R IR BBTOMS R 6l 2, fE 8 7 15540k B iZ R AT 7 i B 0 Btk
4 F16224 & EMarRef (—NFILEEW T ENFEEXFAHEE) WRTR, X RFEEFRH, E 3034 (39%) —
—204 BB E R A (31.9%) A9 F A HA (72.3%) ——EAHANT =95%H 148 X Wtk sbsbh, LA T 2004 %
WFE TR T, AR E, S MERGIEST AL (Gb) X311 luninafl i B F7Pacific
Biosciences K& (FFHXA) .

1004 4400
CBE MR I #K 1B £ @, 4408 M3 F £ H 4, H97% (3954) F XYM AWk, B AEEAE A CAMISIMA &2
ChA sk Er K i B 7 7, £ H 5CAMI 1A E 9 54k A2 % (Hh XA o

218 K315 GBEMME <4 £ 04894 L F 4., H +224/ % AproGenomes[FHi A L F A, 2164 %k B MH I
WIT B E N F A, 554N RE5RTAAWAEREL, 3982 FREIFI® T, INEMEFEEA., £P15.3% (1
3T EVA—ANEHAMERHA, EMERERS GbXm A B F 7], LLE2X5 Gb4 Al ##HlPacific
Biosciences#0xford Nanoporeill ¥ HIEBH KB FH . &, I EZEHARFFIHEXREHEEHE, KREER
EHREAFF, %k ENFEI. VW TEERAGEALFRNEERE, M\ ANFHAEFAKFRF T2 HERA
, AUTEFER MBI L LR, NTHAARKEE, RIVNENEEFEEATEFARAL I ERT 25 E, &
FEEE., KEBRAMRAZENE R, 2RESH P RETHH P TRUR S EFE,



&jE, RET Gk Ed i R KA #688
MBH MiSeq Z&EFHANFHEE . Z ARSI HER T SCCHFVE A ILEH 75| (NCBI taxid 1980519) , W)z
HWPCRAN T mEEFANFE (BARRME27.4) . B TRBEHFRBFKIR, CCHFVHIBUR M LA E G R EEH, ECCHFV
previously EAKIEFA T Bl R WG R R S, AT, FEAR P RLIEAT 885 2 L #A9% RAKATIESE, B CCHFVEUR & A
ERKEEWER. NUBRATWEEEFZOIRNRPELE SR, GREZFHAERETELHRLAUSEREF &
B R AT T BB dhAh, BRA R A K 3 4 B iR B A AN 10004 B 4H 40 4E & o A ] 2k 1 20 K S e Lk B 7 7 e, B
KIS 5 H R B BUFR R AR AR T FAENITA L MH R,

P AR

FRCAMITRE FRIPE T EERAAZE . XEALH. 2 RFof. 2 RFEI MR RERNWRE, 52
W, ANAEERAQRTANEERA “%37 EAEEE, FEIBRFEZNSETER—ZRE, #55F1F
BREEEA, LT - MMIBRHIEE (BENAXREWAIIE - 64 AHEE (BN RFEERN S
KFHK) , #5185 GbkKiLf (Pacific  Biosciences, T & KEZ-F#43,000 bp) f5  GbEiZE (I1lumina
HiSeq2000, 150
bp) FOREEFH . B GREKEMEIRR) RIEMBARC-264 1B &t FIEAT A1 . 201941 ASH HINCBI  RefSeq
/g RESERFELSREL S5, ATRERFET AN T E. YRI D EFHBERELEATNRES
EREESTH S RFER, T EHEEANCBIHmerged. dmp O BE ST Bl X 4K £ 7T,

E PR ET20194 1 A16 HF % (https://www. microbiome—cosi. org/cami/cami/cami2) . % 5F EM T &k
SRR E, WARE 212021 1A £A32A A EM. AT EEME, 555 T URK 4 T EITERENDocker % .
biocondafi A H A FHLENH . WEMA LB REMFTASEREENRGEE, AELERTHHELEEE. Kix
BEESAMBERDAGRR, T RERTEANBEEEHRAZN T &, TURKHBEEW M ERNEERA
¥, 25HBTUNKBEENHNE MRS FIE T AL ., HHhR S R AR RN LA TR, 4R E
T20195 A1TH <. B8H, BETANREENEIREMMEGAHITA 2%, CSAREAF FEAFNAKEE I W — 48
BBREBENIESEZEFEARIRITET . CSAR BT ER(NTGES AT THERETE oA, RITET S5MEG
AHITE X PR FER B R ITEEEREN TR IMERP IS AENEATENFEERR., 2 FEREFE
BEEGNMEANINMAFE R BN EFN AR, KL T B2 AR KA N6 RN S R Q3578 7 B RS TIN A £
T R 5 e 34 o AT R R B B R R AR . CAMI
TTHERE F20194F 1025 43k, M), 202042 A 14 H A 4632667 5 — A 4l % S sk 48 ( “CAMI I1
b” ) . HAERRT2020459H290 xH, HEAFHEFHHURSHT202141A31H %M,

T Ak bk AR B AR B Rl B sk B 30400 BT BAACAMT FF & & #9762 F 195, 002 B X (R e k2D « BT 4 Sk
TEEWATAEFHLEER A TR EARERENERE, 2 /B4L% (10.4126/FRLO1-006421672) . 4 X F Lfw WLiF 4,
BERXEITFP WP LE S 4 ETr (REXHF M) , FEIFEH T2 FER 7T —HE &4 HRFT TG, £
BBREEASNTER (F.Meyer, Z.-L.D., A.F., A.S.) SMFTHE AB TR R G, BFHHRELRNY X REETR.
R L
HE

Y% 45 R AE FlmetaQUAST v. 5. 1. OrcAr—unique-mapping#F S #AT . WAREAFENEE contiglUBat 2 £ A4
sELEFNARE., RNXEEAWAERR, WEFNABEEE. 100 kb ILEH. EEF . NGASOFERE EH., £
HABZZE BN ETHUERMNERAXEEREZNSEREAT AL, £100 kKALRHEIFEEEH-SH LM
FRAREHENRE, EEEE XA ERL ALK 52 5 B A P s 2 B30, NGASO 2 # & 4 3 % S iy
bR, MTHENSHEEA, FTAtbdWESE contight K/NHEF . %4 H 4 BINGAS0 E X F R AL M T 50%3 B A 7 % %
HHESE contigk . wEEFEHAE Z R KAF50% NINGASOAK 7 L. B FRAIME Frg £ H A B FHNGAS0, *FF 3
WAEZEMTO0NEFER KL N0, K5, BRAXEZHR LB kbE R, B45EEL kbFAH B FHA K
FLAEEHANESE contigh®. BRX BN, EUTEEXMIS, BRMNAZTE®REEEMFRFHEUEN
EREWhRSBEHENGE. FHREEEEX A AAEZEFNATRENERE OINEFNABEZE HUFEHF100 k
bARESH) AFNAHKNLG. EMREAZTRENMARERAESZE OI0% AXFRACRAGEFAEZEHAE
. NTERRERESE, IFEFAEZE TR HTH% AL 5%, FHhEEREERERRK.

EEE S



sFREELLME, N TENMTMERL )M, EEETPbEb T R EE H FHEgehm £ x40, BIE%FPbEbFE Tg
DAAN I A B B, B EPNDR B TeE N b s x #k. SE 2 X b = TPb / (TPb + FPb)., FH4
ERFATMNEFHLNHEABF L FOEENHETHE., TESETEFH LR EFEWEFA L HbIyB it = X
T EMgb = TPgb / (TPgb + FNgb). FHEEMAMATIAERMA L E X, @F I LAETTNEHE L4+ HT
REFEWNENA, RXYXAXEFNANES, WIFHZEME = = 0EB) Z¥Mg / (Bl + XD,

R B =R, BIERERE SR ETENTNERE > FHE., TEMEL0%H T LA 0 FHA " F 5
5 FELMH, TEEINEFTEGHH AR ITRELEL N4, KM T CheckM,

ARTHY & X 40 5% XX #R36. ZBEHULRE —ATMENAFRE. BATEETRFIIHNHEN, BTEH - £FHA
B sF—#£FHA, AeRAME A ALY, BT TIRZEABREANTFEEA ) MEORESHEAA EAE. =
B E AR A AR UREN S ARIZRT ZBELTRREAATONEL, FELEEREEAL (&
B, RTIREAZELE) M0 (RE, XTI HEAF) 2B, AT o7 ETRYE THIKERSH, TARITERT
RHEo o BHKEE, ERXNpAHIHHE, FTE5RERNIARENE L L —RBER.

NEFENFE

NTFAEFNH, BANBRBIBIMHNEESXERN AT E. EMA0E0 Db HLREF—HXETHFF
HRAEFHREX) WAEM T EEFLE TP N L EADH AL o K E LRI, FPb AL EADERE T LM
RETHHENH, PNbH B THERSTEEDMREMERITE, X0 RERNTHAERZZERAT AN K04
SENEETHE, 2 EAE RN THRERRIATNAO L0 BN T ER IR UZERETEFH S LETHIG
Sle X RERMERERE N HHME = > (bEB) TPb /
n, EFBRZERMTANMA) LS ES, nBIZERSATEFHRES LK.

FHEEE ., TREUEMAHULEE NP AEFRER DR AN LIET EBI EIHH, 2ARAFHAEES. FHE
BEAERHIES, BERITEBT A 2 AEBEN ADEEHTF, TRERITADZANTHETBF A LML A%
WA LA R

PEFEST
NFRKFEMMN, KMNFE T HEETLE T FNEEMTEY ., LI AR UniFractE ¥ F E 4R, UEREAS
hannon# 4] & 3§ #{ #yalpha £ £ 1 ff 1t

DRFENEEN TR ETHRER D RERARKE AT P RE LG AT ERNR, THFREIENFE,
B EFEETPA B EFP A E A B IR R M B 0 K ETH (NEX - HEHAMERWETEEFFAEITFLN L K
BT, BAKNASTEEFFAETERERNEM S RETH. HE. TEUEFFIQHH I D L,

L1SE#01% £ . Bray-CurtisfE @ A n M UniFraciR 2 & 7 R AR T 2 K LTS FEWAE . BRUniFracg &
(E&RTR) S, RBEENGREFEN, "xtFxxtp A AR —FFHERT S RE T E RTINS FE, L1
WA Extfoxrt 2z 8 By B £, WEE0R|22 8, Bray-CurtisfE B LI IRZR UL LKA *Z 21, Bray-Cur
tisHEEBEEAEOR 128, BT 4R ERS G4 100%8 BN FE, RSN E LI L100%EFEH L TN, NETLIEEE
ZW—F, TMNEH.

A UniFracte An(E F M fr o fr £ EZ HM £ R, HoXMFREST MR, EEAE (RE) 216 (&£) 2,
E'16' WFEEREAINBIFEFF NAEZELFEESR (F. 11, ®E) . BHib, FAECSXKER, &Z7 #HUnIF
racfi H16: — MR EFEENE T H—MERWFEFHER, FE @ ERETEAS> AW NANER, &
& FlUniFracE & A9EMDUni frac SE 8. £ [B 44 TR 7 80 £ M & & FE A 2 18 7] LUK 210. 2280 F # fm A UniFracfd (47
EZ0.16, J/N0.01, F&AO0.43, #{r#0.14) , KR ESFXHMT6FEANEE, TEQitaF HKI, HEID
10394, XEEME A ZAEATRA (0.22) ElMhEF (0.01) M HNe 4% .

Shannon# 4] E 46 BN K E X #: Shannon# 5] E44 = = (1) x#t X In(x*t) / ln(m), EFnEZ oL LT
tH RS, HHEEMNOR, 1577484, BT LG INATIGETE, RITTEEE4/F 5 mE £ 530
T,

LLRgt (BB EERD

MTLEgGtwitE, RINEEESFNIEA (Ndx, £EAL

AL GRFSEMSRFELD FENBEE L
BEMERHRIAM TR ERRER#ATIES . ENMERREFLRBIK (

FrEHETE—4R/0, F 47140,



PR « — I HERINEEE S M HANERLERRTHATHL . 2 RFIHETOMBEL REFR AHE
) H4, pBEASSERFREFLZ 0, AFAEFL, ZEPHRIPEARGERRIEHEE LHEERILERITE
(ihRELL 8. 10/12) o AH—FRFFEFEAAMRIEEATL S, KEAHMAE (AARER) RIFAF A &M
HEHRXAREFTUMER

REHE
HRAREITHE £ 12 7 £ AR X H HNature Researchif & # & + # B,

HEAT A

RN ARRFEMTEHEE (BT RZFRAATHIFELRAFE XD 7 EPUBLISSOK E, DOI: https://doi.org/1
0.4126/FRLO1-006425521 (¥, B#RKIE., ¥4 %) , https://doi. org/10. 4126/FRLO1-006421672 (/Mg i)
#110. 4126/FRL01-006425518 (A %) , PLKCAMIZ#E|1F (https://data. cami-challenge. org/participate) . ##&
ST AE, BESIECZEMN FHWHELFYA . NCBI oy £ ¥ MAFNCBI RefSeq. ntfinr#y &£ F 7| &4 (2019/01
JOSIRZS) o N B9 5 i  FT £ Zenodo# B (https://zenodo. org/communities/cami/) o Frill F A0 2 5y & & &
4 o JB 46 W 7 45 48 7T 1% 3¢ BioProject 4y 5 PRJEB50270. PRJEB50297. PRJEB50298. PRJEB50299. PRJEB43117##PRJE
B37696 3k B, JREIERE A IR B

KSR M
J T 85 38 A9 A Ao (] 1-5 B 31 Fn B AR DA ROIE K45 B F] ZEhttps: //github. com/CAMI-challenge/second challenge ev
aluationFi M. K2 E T IFEHERF. ERNSE L ELT, BFKHE. Bioconda®EL 7 . Docker& . Bio

boxesfiBioContainers.

7 iESE 3k
60. Nguyen, T. T. & Landfald, B. Polar front associated variation in prokaryotic community structure in Arctic shelf
seafloor. Front. Microbiol. 6, 17 (2015).

61. Bankevich, A. et al. SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J.
Comput. Biol. 19, 455-477 (2012).

62. Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P. & Tyson, G. W. CheckM: assessing the quality of
microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res. 25, 1043-1055 (2015).

63. Bremges, A., Fritz, A. & McHardy, A. C. CAMITAX: Taxon labels for microbial genomes. Gigascience 9, gizl54 (2020).

64. Browne, P. D., Kot, W., J[Jrgensen, T. S. & Hansen, L. H. The mobilome: metagenomic analysis of circular plasmids,
viruses, and other extrachromosomal elements. Methods Mol. Biol. 2075, 253-264 (2020).

65. Alanin, K. W. S. et al. An improved direct metamobilome approach increases the detection of larger-sized circular
elements across kingdoms. Plasmid 115, 102576 (2021).

66. Klemetsen, T. et al. The MAR databases: development and implementation of databases specific for marine
metagenomics. Nucleic Acids Res. 46, D692-D699 (2018).

67. Mende, D. R. et al. proGenomes2: an improved database for accurate and consistent habitat, taxonomic and

functional annotations of prokaryotic genomes. Nucleic Acids Res. 48, D621-D625 (2020).

68. Dur an, P. et al. Microbial interkingdom interactions in roots promote Arabidopsis survival. Cell 175, 973-983.el4
(2018).

69. Bodur, H., Akinci, E., Ascioglu, S., [Jngiirti, P. & Uyar, Y. Subclinical infections with Crimean—Congo
hemorrhagic fever virus, Turkey. Emerg. Infect. Dis. 18, 640-642 (2012).

70. 1000 Genomes Project Consortium et al. A global reference for human genetic variation. Nature 526, 68-74 (2015).

71. Roy, U. et al. Distinct microbial communities trigger colitis development upon intestinal barrier damage via
innate or adaptive immune cells. Cell Rep. 21, 994-1008 (2017).

72. Fritz, A., Lesker, T., Bremges, A., McHardy, A. CAMI 2 - Multisample Benchmark Dataset of Mouse Gut (PUBLISSO,
2020) .

73. Singer, E. et al. Next generation sequencing data of a defined microbial mock community. Sci. Data 3, 160081
(2016) .

74. Lozupone, C. & Knight, R. UniFrac: a new phylogenetic method for comparing microbial communities. Appl. Environ.
Microbiol. 71, 8228-8235 (2005).



75. McClelland, J. & Koslicki, D. EMDUniFrac: exact linear time computation of the UniFrac metric and identification
of differentially abundant organisms. J. Math. Biol. 77, 935-949 (2018).

76. Marotz, C. et al. Evaluation of the effect of storage methods on fecal, saliva, and skin microbiome composition.

mSystems 6, e01329-20 (2021).

77. Gonzalez, A. et al. Qiita: rapid, web—enabled microbiome meta—analysis. Nat. Methods 15, 796-798 (2018).

Bt

ENBRBEEFRAFHRAELAFHITE EATEREZNARFH AR, HFROREUTHAAHEB: DIIF (
TE4%STI 12.002_00; F.Meyer) . f5[E = #& % #RESIST (EXC 21557 B 4% 5390874280; Z.-L.D.) FeNFDI4Microbio
ta (BUH 4 5460129525) o D.K. #o o xEERMFE L2 KB (FE51664803) ; A.GC HEHEBEM T AFH B (
% BIID PURE 73023672) ; D.A.. A Korobeynikov. D.M. F1S.N. mi & Z # At £ & 4 % By (K BI519-14-00172) 5 C.T
.B. fuL. 1. ¥4 HGordon and Betty Moore# & & #IEH ) L HAB WK B (¥ BH-ZGBMF4551) ; R.C. #1R. V. BANR Incep
tion (ANR-16-CONV-0005) F7PRAIRIE (ANR-19-P31A-0001) % Bh; S.D.K. & BR M #F 52 2 = 2 (ERC) 78 B 3 T £ 202057
R G AR T % By (FRC-C06-2018) ; J.K. #ME.R.R. i = EE XM F£E 42K B (FB51845890) ; S.M. #H 4 h %
HERAFEL LK (KBH52041984) ; V.R. M. &1Tony Basten Fellowship##Sydney Medical School Foundation
FB. G.LR fz. 2. HowmEHERMFELLKE (KB151936791/71919691) 5 M. T. B1ERCTE BK M| HoF 4 20205 58
5a0% R T %K By (FRC-C0G-2018) ; S.7. &1 LW EH AZE & (FEy52018SHZDZX01) A 1115 H (¥ Bh-5B1801
5) % Bi; S. Hacquardd /& E# % # 4 4 (DFG) # 3t '2125 DECRyPT' 41t X% Bh; R.E.. E.Goltsman. Zho.W. FoA. T.
w7 2 [ g8 R 3 (DOE) 4 4y Fu 3535 71 5 A1 F 78 A Bl 5 DE-AC02-05CH11231 T4 B; S.S. missFE XA £ 4 2% 8 (NCCR
Microbiomes - 5INF40 180575) A AER T EREFEHA XM FHH P OHARE, ZFOaXEHERIBZALNE
fE 4 [F] SDE-AC02-05CH11231 T X #, = EDOERK &% F A K AT (DOEM #7242 Z /A 7k #) I &M T4 7 5DE-AC
02-05CH11231 T X #.

(=)

F. Meyer. A.F.. Z.-L.D. . D.K. . M.A.. D.A.. F.B.. D.B.. J.J.B.. C.T.B.. J.B.. A
Bulu[]. B.C.. R.C.. P.T.L.C.C.. A.C.. R.E.. E.E.. E. Georganas. E. Goltsman. S.
Hofmeyr. P.H.. L.I.. H. J. . S.D.K. . M\.K. . A. Korobeynikov, J.K.. N.L.. C. Lemaitre., C.Li. A.L.. F.M.-M. .
SMo. V.RM.CM.PM.DM.DRM.,AM.NN.JN.SN.LO.LP.PP . V.CP.JSP .S
Rasmussen, E.R.R. . K.R.. B.R.. G.L.R. . H.-J.R.. V.S. { N.

Segata, E.S.. L.S.. F.S.. S.S. . AT.. C.T.. MLT.. J.T.. G.U. . Zho Wang. Zi Wang. Zhe Wang. A.W., K.Y. . R
NV G2y 20700 S 2 T RS S5 THREEFGETER, PWD. L LHH . T.S.J.. T.K. . A

Kola, E.M.R.. S.J.S.. N.P.W.. R.G.-0.. P.G.. S. Hacquard. S. H JulJler. A. Khaledi. T.R.L.. F.
Maechler. F. Mesney. S. Radutoiu. P.S.-L.. N. SmitFaT. S, & I TTER T #4E. A.F. . A

Bremges. T.R.L.. A.S. FA C.M. A& T EAEKIEE., F.

Meyer. D.K.. A.G.. M.A.G.. L.I.. G.L.R. . Z.Z A C.M. 23 T 2B IR 4645, F.

Meyer. A.F.. D.K. . A.S.. Z.-L.D. fA. C.M. #AT T W HEF L EEMWENTHBETER. F. Meyer, A.F.. Z.-L.D
.. D.K.TRL.AG.GR .FB.RC.PWD.AED .RE .DRM.AM.ERR .BR.GLR . H-J.
R..S.S.. RV.. ZZ . A Bremges. A.S. fA. C. M. KRB Z TSP ERE TMAMEREN. F. Meyer. A.C.M. . A.F.
DK AZ -L.D. EHFLEEMERLTEET T L. AS. A CM EFLEEHNERLTHET KFR.

FF Rk BUK 4 #Helmholtz—Zentrum f iir Infektionsforschung GmbH (HZI) ##t,

L EEUEN

A E.D. #£ F €| T Longas Technologies Pty
Ltd (—REATARKEZEMNFHEAF LN NE) , #%BETIllunina Australia Pty Ltd. A.C. % B TGoogle



LLC. L. I. Z B F10X Genomics. E.R.R. #ZEEmpress Therapeutics# 4T 7 523, E. Georganas¥ & T Intel
Corporation. G.U. % & TAmazon. com, Inc. HA/EH FH LAz K,

HRES
R ELMAEE T Ehttps: //doi. org/10. 1038/541592-022-01431-4 3k BX 8 Fb Fo A+ k. 38 {5 oA RHE Sk
£ %% Alice Carolyn McHardy.

FATiF % 15 E: Nature Methods B #tNikos
Kyrpidesfn M E L FAN K TERATIFEFNTE . TEZAELRSE: Lin Tang, SNature MethodsH A H1E .

& E0 F0 i 9] 12 B ] ZEwww. nature. com/reprintsik Bl



EE=p=Riv

I REFFUHEAEYF, HABELZREFE PO, Fihikmr, EH.
AT R G AW FE LA F 0 BRICS), FieFE T A%, Fiekx, EE,
EERRH R 0 (DZIF), RER- AT #, fhkmr, EE.
= B BHRESIST (EXC 2155), JOERE¥I, N, EE,
EHYERIMIASE, NFER, BHERIN, %EH,
MAIBEZRRFR S, Ak w, EE,
FREBEMNIAE, ZHEBE, KT,
ERBARGEATIRA, ARERAEI ¥R, #EH, HL.
HEEmEAT S, ZHREENIAY, ZHEE, REH.

10. CIBIOR, HFEAY¥, Hid, BAA.

11 g EEAFTE, Fm.

12. EmmMAZ¥E, B8, mABRIMN, #E.

13, M ARFRES K, WEH, MABRIEMN, £H.

4. EMHBERFFRE, BEER - BEAY, HERS X, #£H.
15. AR AERERE, Gk, wABRIN, £E.

16. mMA¥EEAom, BEfl, WABREMN, £E.,

17. BHEFRA, B, %EH.

© X N> g o wd

18. ER& &ML, 2RENE, AXEAKRE, R, Ax.
19. BEERKRE, £, By/ERIMN, £H.

20. Google Inc., %, EZ/ERIM, £H.,

21. Bfak - Bt R A, Mk, £E.

22. MMABRAEZFZK, Mk, £H.

23. BRB#HAE, R, BAFAL,

24. DOEBEEEEARKFT, e, wmHBRIMN, XE,

25. HhHEEAERERE, Hefl, mABRIM, #E.

26. mMAFBHISK, B, WABRIM, £EH.

27. Intel Corporation, Fwirdr, mABREINM, EE.

28, AAEHNEFRELSERAFEIRE, #, B/ ERIM, £H.

29. HABRAF, MMESTHEHFR, SN, £,

30. HHEMMFFR, BEA¥, L&, FE.

31. BGI-#®J, &I, +E.

32 HIAKRLEMEMSREAREL LR E, BI-HIl, &I, +E.

3. FAEEAAE, BhEELLLAEMTRELETC, R, £,

4. B R¥, HEMFR, BPHEY, £

3. HWHAEFERER, E¥R, HARAY¥, HAR, #t.

36. mEAMBERFHES, HAR, Wt

3. WMEmALBMAF, HEHEE, M.

38. EEREZK, Mk, £H.

39. HEAMEETRR, WHNA¥EZHTF oK, ZHTF, WABREN, £H.
40. HHEER, IREEMNTIARY, FURE, KTH.

41. BETRER¥Zudpk, Zadh, RHREM, £E,

42. FEA¥, Inria, ONRS, IRISA, FE, %HE.

43. B/RAZ, ONRS, CRIStAL, B/, #%H.

44. Bk BHBHF R, BFIBRF IR, WKEAE, HKHE, £
45. ZBRE¥I, ZRA¥, TR, BAAL,

46. RRFFEEREMFER TS, BEDBEFFRT, TR, BAATL.

S~
8
J =0
°



47. HHEABFER, Inria, ERAF¥, ONRS, BR, %HEH,

48. FBHEAAFEZ T, FEHEA, T2,

49. EMFR, MEMREFI PR ENERFHARAN, AEREHRAR T ¥R, #EHE, W,
50. &5t H ¥ ¥, EMBL, HEE, EE.

51. #amd A AR AT, A+STAR, HAndk.

52. B E LA, Hind.

53. DTU Health Tech, Kongens, Rk, &%,

54. XAGRFH, WESHUEEHA¥ X, BEXAXRERAREHR, BT ARAR, NEHE, TEZN, xE.
55. #ERILAY, BAKER, #ERIM, £H.

56. WAEEESCERERARTC, BESEFRFER, FABRAE, FABRK, £,
57. EMfE REFHMAA, MhBEE A%, Ak, £H.

58. &4z EF R TP, Zfaks - R#HF R, Mk, EE.

59. ABIBEMELIAF S, FW, BHVERIMN, £H,

60. P ERBIA¥E, Ew2, BT EXMN, £H.

6l. EESWHHAEMFR, FMMNAY¥, B, WABRIEM, £E.

62. FABMRAE, FARGR, FE.

63. THIMAMHITAY¥, BFE, THHFMLTE, mEA,

64. WRATN, EFK, HARAY¥, HAR, L.

65. AR, T 5E, MEABRARER S, ZEAR, BiEL, mEA

66. Phase Genomics, WA, ®EHM, =E,

67. HEMFFKR, EEKR¥E, L, TE.

68. REREERAEEATAA, HAl, wABRIM, #E.

69. IEEAAF R GANFH, TR ERFAEBRERE, Aefl, wRBERIMN, £E.
70. BARFEFR, MMNAFBREELSKR, BREE, WABRIMN, XE.

. KmERBFEEAFRE, REA¥, L&, FH.

2. WHEMARFEEANEHEALRE(EEA®), #aH, L&, $EH.

73. Bl - SR E AR, A, EE.

74 BT AF, BUH, fHE

75. EHE A TG (CeBiTec), HEFREAY, W#%HRE, EHEH.

76. X EMEHFE % FT#: F. Meyer, A. Fritz, [JE F#i¢F: amcl4@helmholtz—hzi. de

Nature Methods £19% 1 Fl 129-440 71 www. nature. com/naturemethods



