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Abstract Metagenome is a large set of genomic information, collected directly from the
environmental sample. We can acquire much information which cannot be obtained under laboratory
conditions. Since the metagenome is a complicate mixture of numerous species, it is an important
problem to infer the composition of species in metagenome - the binning problem. Binning with 16S
rRNA is the most widely—used and accurate binning method. But it requires much time and high cost
for the construction of additional biological library. To solve this problem, many computational binning
methods such as Random Sequence Read(RSR) are developed. In this paper, we suggest a new binning
approach BARM - a conjunction of reference alignment and genome assembly. We compare BARM
with RSR using the synthetic genomic-variants generator, and BARM produced more superior result
in genomic diversity of metagenome.
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Algorithm @ ¥ &4

Input CHAA EE JER

Output @ ¥ S ze g= A3 JF9] B2 {(a b), score}
01 L = extract_current_k_mer( R, prefix, postfix ); // EE g ZolA @A @A s+ k-mer 5
02  sort( L );

03 initialize overlap_list, visit_list;

04

05 while ( L is not empty )

06 Keurrent = first element of L;

07 Lewp = find_sub_array( L, Keurent )i // Keumet®F 22 3& 2 277HE AH
08 foreach ( ki, ke ) in Lew

09 R = origin_read( k; );

10 R: = origin_read( k2 );

11 if ( visit_list is not contain ( Ry, Rz ) ) {

12 k_mer_list = find_common_k_mer( Ri, Rz );
13 score = merge_k_mer( k_mer_list );

14 if ( score = threshold T )

15 add {(Ri, Ra), score} into ovarlap_list;

16 end

17 add (Ri, Ro) into visit_list;

18 end

19 end

20 remove Lqp from L;

21 end

22

23 return overlap_list;
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Algorithm : o} &2 &2 Y

Input e RA BE JE S

Output :zb gl=9 ujyg Ax { (R, species ) }

01 initialize binning_result;

02 while (S is not empty )

03 Ro = first element of S;

04 initialize contig, ref_list;

05 contig = search_connected_read( Ro );

06

07 foreach R in contig

08 if ( R has one or more connections to a reference read K )
09 Sk = species of K;

10 add Sk into ref_list;

11 score( Sk ) += score( R, K );

12 end

13 end

14

15 contig_species = find_best_score_species( ref_list );

16 contig_score = score( contig_species );

17

18 foreach R in contig

19 if ( R has one or more connections to a reference read K )
20 if ( score( R, K ) > contig_score )

21 add ( R, species of K ) into binning_result;
22 else

23 add ( R, contig_species ) into binning_result;
24 end

25 else

26 add ( R, contig_species ) into binning_result;
27 end

28 end

29

30 foreach R in contig

31 remove R from S;

32 end

33 end

34

35 return binning_result;
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Sup e Phylum Class Order Family Genus Species

kingdom

Archaea |Euryarchaeota | Methano-microbia Methanosarcinales | Methanosarcinaceae Methanococcoides Methanococcoides burtonii DSM 6242

Archaea |Euryarchaeota | Methano-microbia Methanosarcinales | Methanosarcinaceae Methanosarcina Methanosarcina barkeri str. Fusaro

Archaea |Euryarchaeota | Methano—microbia Methanosarcinales | Methanosarcinaceae Methanospirillum Methanospirillum hungatei JF-1

Bacteria | Actinobacteria | Actinobacteria Actinomycetales Frankiaceae Frankia Frankia sp. CcI3

Bacteria | Actinobacteria | Actinobacteria Actinomycetales Frankiaceae Frankia Frankia sp. EANlpec

Bacteria | Actinobacteria | Actinobacteria Actinomycetales Kineosporiaceae Kineococcus Kineococcus radiotolerans SRS30216

Bacteria | Actinobacteria | Actinobacteria Actinomycetales Micrococcaceae Arthrobacter Arthrobacter sp. FB24

Bacteria | Actinobacteria | Actinobacteria Actinomycetales Nocardioidaceae Nocardioides Nocardioides sp. JS614

Bacteria | Actinobacteria | Actinobacteria Actinomycetales Nocardiopsaceae Thermobifida Thermobifida fusca YX

Bacteria | Actinobacteria | Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium Bifidobacterium longum DJO10A

Bacteria | Actinobacteria | Actinobacteria Rubrobacterales Rubrobacteraceae Rubrobacter Rubrobacter xylanophilus DSM 9941

Bacteria | Bacteroidetes | Sphingobacteria Sphingobacteriales | Flexibacteraceae Cytophaga Cytophaga hutchinsonii ATCC 33406

Bacteria | Chlorobi Chlorobia Chlorobiales Chlorobiaceae Chlorobium Chlorobium limicola DSM 245

Bacteria | Chlorobi Chlorobia Chlorobiales Chlorobiaceae Chlorobium Chlorobium phaeobacteroides DSM 266

Bacteria | Chlorobi Chlorobia Chlorobiales Chlorobiaceae Chlorobium Chlorobium phaeovibrioides DSM 265

Bacteria | Chlorobi Chlorobia Chlorobiales Chlorobiaceae Pelodictyon Pelodictyon luteolum DSM 273

Bacteria | Chlorobi Chlorobia Chlorobiales Chlorobiaceae Pelodictyon Pelodictyon phaeoclathratiforme BU-1

Bacteria | Chlorobi Chlorobia Chlorobiales Chlorobiaceae Prosthecochloris Prosthecochloris aestuarii DSM 271

Bacteria | Chloroflexi Chloroflexi Chloroflexales Chloroflexaceae Chloroflexus Chloroflexus aurantiacus J-10-fl

Bacteria | Cyanobacteria |- Chroococcales - Synechococcus Synechococcus elongatus PCC 7942

Bacteria | Cyanobacteria |- Nostocales Nostocaceae Anabaena Anabaena variabilis ATCC 29413

Bacteria | Cyanobacteria |- Oscillatoriales - Trichodesmium Trichodesmium erythraeum IMS101

Bacteria | Cyanobacteria |- Prochlorophytes Prochlorococcaceae Prochlorococcus Prochlorococcus marinus str. NATL2A

Bacteria |Deinococcus | Deinococci Deinococcales Deinococcaceae Deinococcus Deinococcus geothermalis DSM 11300

-Thermus

Bacteria | Firmicutes Bacilli Bacillales - Exiguobacterium Exiguobacterium sibiricum 255-15

Bacteria | Firmicutes Bacilli Bacillales Bacillaceae Bacillus Bacillus cereus subsp. cytotoxis
NVH 391-93

Bacteria | Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus Enterococcus faecalis V583

Bacteria | Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus Lactobacillus brevis ATCC 367

Bacteria | Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus Lactobacillus casei ATCC 334

Bacteria | Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus Lactobacillus delbrueckii subsp. bulgaricus
ATCC BAA-365

Bacteria | Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus Lactobacillus gasseri ATCC 33323

Bacteria | Firmicutes Bacilli Lactobacillales Lactobacillaceae Leuconostoc Leuconostoc mesenteroides subsp.
mesenteroides ATCC 8293

Bacteria | Firmicutes Bacilli Lactobacillales Lactobacillaceae Oenococcus Oenococcus oeni PSU-1

Bacteria | Firmicutes Bacilli Lactobacillales Lactobacillaceae Pediococcus Pediococcus pentosaceus ATCC 25745

Bacteria | Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus thermophilus LMD-9

Bacteria | Firmicutes Clostridia Clostridiales Clostridiaceae Alkaliphilus Alkaliphilus metalliredigens QYMF

Bacteria | Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Clostridium beijerinckii NCIMB 8052
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Bacteria | Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Clostridium thermocellum ATCC 27405
Bacteria | Firmicutes Clostridia Clostridiales Syntrophomonadaceae | Syntrophomonas Syntrophomonas wolfei subsp.
wolfei str. Goettingen
Bacteria | Firmicutes Clostridia Thermoanaero Thermoanaero Caldicellulosiruptor | Caldicellulosiruptor saccharolyticus
-bacterales ~bacterales DSM 8903
FamilylILIncertaeSedis
Bacteria | Firmicutes Clostridia Thermoanaero Thermoanaero Moorella Moorella thermoacetica ATCC 39073
-bacterales -bacteriaceae
Bacteria | Firmicutes Clostridia Thermoanaero Thermoanaero Thermoanaerobacter | Thermoanaerobacter pseudethanolicus
-bacterales ~bacteriaceae ATCC 33223
Bacteria | Firmicutes Clostridia Thermoanaero Thermoanaero Thermoanaerobacter | Thermoanaerobacter sp. X514
-bacterales ~bacteriaceae
Bacteria | Firmicutes Clostridia Thermoanaero Thermoanaero Thermoanaerobacter | Thermoanaerobacter tengcongensis MB4
-bacterales -bacteriaceae
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Bradyrhizobiaceae Bradyrhizobium Bradyrhizobium sp. BTAil
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Bradyrhizobiaceae Nitrobacter Nitrobacter hamburgensis X14
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Bradyrhizobiaceae Nitrobacter Nitrobacter winogradskyi Nb-255
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Bradyrhizobiaceae Rhodopseudomonas | Rhodopseudomonas palustris BisA53
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Bradyrhizobiaceae Rhodopseudomonas | Rhodopseudomonas palustris BisB18
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Bradyrhizobiaceae Rhodopseudomonas | Rhodopseudomonas palustris BisB5
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Bradyrhizobiaceae Rhodopseudomonas | Rhodopseudomonas palustris HaA2
Bacteria | Proteobacteria | Alphaproteobacteria | Rhizobiales Phyllobacteriaceae Mesorhizobium Mesorhizobium sp. BNC1
Bacteria | Proteobacteria | Alphaproteobacteria | Rhodobacterales Rhodobacteraceae Jannaschia Jannaschia sp. CCS1
Bacteria | Proteobacteria | Alphaproteobacteria | Rhodobacterales Rhodobacteraceae Paracoccus Paracoccus denitrificans PD1222
Bacteria | Proteobacteria | Alphaproteobacteria | Rhodobacterales Rhodobacteraceae Rhodobacter Rhodobacter sphaeroides 2.4.1
Bacteria | Proteobacteria | Alphaproteobacteria | Rhodobacterales Rhodobacteraceae Ruegeria Silicibacter sp. TM1040
Bacteria | Proteobacteria | Alphaproteobacteria | Rhodospirillales Rhodospirillaceae Rhodospirillum Rhodospirillum rubrum ATCC 11170
Bacteria | Proteobacteria | Alphaproteobacteria | Rickettsiales Anaplasmataceae Ehrlichia Ehrlichia canis str. Jake
Bacteria | Proteobacteria | Alphaproteobacteria | Sphingomonadales | Sphingomonadaceae Novosphingobium Novosphingobium aromaticivorans
DSM 12444
Bacteria | Proteobacteria | Alphaproteobacteria Sphingomonadales | Sphingomonadaceae Sphingopyxis Sphingopyxis alaskensis RB2256
Bacteria | Proteobacteria | Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia Burkholderia cenocepacia AU 1054
Bacteria |Proteobacteria | Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia Burkholderia cenocepacia HI2424
Bacteria | Proteobacteria | Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia Burkholderia sp. 383
Bacteria | Proteobacteria | Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia Burkholderia vietnamiensis G4
Bacteria |Proteobacteria | Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia Burkholderia xenovorans LB400
Bacteria | Proteobacteria | Betaproteobacteria Burkholderiales Comamonadaceae Polaromonas Polaromonas sp. JS666
Bacteria | Proteobacteria | Betaproteobacteria Burkholderiales Comamonadaceae Rhodoferax Rhodoferax ferrireducens T118
Bacteria | Proteobacteria | Betaproteobacteria Hydrogenophilales | Hydrogenophilaceae Thiobacillus Thiobacillus denitrificans ATCC 25259
Bacteria | Proteobacteria | Betaproteobacteria Methylophilales Methylophilaceae Methylobacillus Methylobacillus flagellatus KT
Bacteria | Proteobacteria | Betaproteobacteria Nitrosomonadales | Nitrosomonadaceae Nitrosomonas Nitrosomonas eutropha C91
Bacteria | Proteobacteria | Betaproteobacteria Nitrosomonadales | Nitrosomonadaceae Nitrosospira Nitrosospira multiformis ATCC 25196
Bacteria | Proteobacteria | Betaproteobacteria Rhodocyclales Rhodocyclaceae Dechloromonas Dechloromonas aromatica RCB
Bacteria | Proteobacteria | Deltaproteobacteria Desulfovibrionales | Desulfovibrionaceae Desulfovibrio Desulfovibrio desulfuricans G20
Bacteria |Proteobacteria | Deltaproteobacteria Desulfuromonadales | Geobacteraceae Geobacter Geobacter metallireducens GS-15
Bacteria | Proteobacteria | Deltaproteobacteria Desulfuromonadales | Pelobacteraceae Pelobacter Pelobacter carbinolicus DSM 2380
Bacteria | Proteobacteria | Deltaproteobacteria Desulfuromonadales | Pelobacteraceae Pelobacter Pelobacter propionicus DSM 2379
Bacteria | Proteobacteria | Deltaproteobacteria Myxococcales Myxococcaceae Anaeromyxobacter | Anaeromyxobacter dehalogenans 2CP-C
Bacteria | Proteobacteria | Deltaproteobacteria Syntrophobacterales | Syntrophobacteraceae Syntrophobacter Syntrophobacter fumaroxidans MPOB
Bacteria | Proteobacteria | Epsilonproteobacteria | Campylobacterales | Helicobacteraceae Sulfurimonas Sulfurimonas denitrificans DSM 1251
Bacteria |Proteobacteria | Gammaproteobacteria | Alteromonadales Alteromonadaceae Marinobacter Marinobacter aquaeolei VT8
Bacteria | Proteobacteria | Gammaproteobacteria | Alteromonadales Alteromonadaceae Saccharophagus Saccharophagus degradans 2-40
Bacteria |Proteobacteria | Gammaproteobacteria | Alteromonadales Pseudoalteromonadaceae | Pseudoalteromonas | Pseudoalteromonas atlantica T6c
Bacteria |Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella amazonensis SB2B
Bacteria | Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella baltica OS155
Bacteria | Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella frigidimarina NCIMB 400
Bacteria |Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella loihica PV-4
Bacteria | Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella putrefaciens CN-32
Bacteria |Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella sp. ANA-3
Bacteria |Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella sp. MR-7 27
Bacteria | Proteobacteria | Gammaproteobacteria | Alteromonadales Shewanellaceae Shewanella Shewanella sp. W3-18-1
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Bacteria | Proteobacteria | Gammaproteobacteria | Chromatiales Ectothiorhodospiraceae | Alkalilimnicola Alkalilimnicola ehrlichei MLHE-1
Bacteria | Proteobacteria | Gammaproteobacteria | Oceanospirillales Halomonadaceae Chromohalobacter Chromohalobacter salexigens DSM 3043
Bacteria | Proteobacteria | Gammaproteobacteria | Pasteurellales Pasteurellaceae Actinobacillus Actinobacillus succinogenes 130Z
Bacteria | Proteobacteria | Gammaproteobacteria |Pasteurellales Pasteurellaceae Histophilus Haemophilus somnus 129PT
Bacteria | Proteobacteria | Gammaproteobacteria |Pseudomonadales Moraxellaceae Psychrobacter Psychrobacter arcticus 273-4
Bacteria | Proteobacteria | Gammaproteobacteria | Pseudomonadales Moraxellaceae Psychrobacter Psychrobacter cryohalolentis K5
Bacteria | Proteobacteria | Gammaproteobacteria | Pseudomonadales Pseudomonadaceae Azotobacter Azotobacter vinelandii D]
Bacteria | Proteobacteria | Gammaproteobacteria |Pseudomonadales Pseudomonadaceae Pseudomonas Pseudomonas fluorescens Pf0-1
Bacteria |Proteobacteria | Gammaproteobacteria | Pseudomonadales | Pseudomonadaceae Pseudomonas Pseudomonas putida F1
Bacteria | Proteobacteria | Gammaproteobacteria |Pseudomonadales Pseudomonadaceae Pseudomonas Pseudomonas syringae pv. syringae B728a
Bacteria | Proteobacteria | Gammaproteobacteria | Thiotrichales Piscirickettsiaceae Thiomicrospira Thiomicrospira crunogena XCL-2
Bacteria | Proteobacteria | Gammaproteobacteria | Xanthomonadales Xanthomonadaceae Xylella Xylella fastidiosa 9abc
Bacteria | Proteobacteria |unclassified unclassified unclassified Magnetococcus Magnetococcus sp. MC-1
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