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A Novel Method for Evolution Analysis based on Image Registration
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Abstract Image registration is an important technique in image processing, which could be used to analyze the similarity between
two images. Here, a novel method based on image is proposed to infer the evolutionary relatedness of various microbial organisms.
Firstly, the oligonucleotide transition probability matrices of microbial genomes were calculated by applying 1st order Markov Chain
Method. Secondly, each transition probability matrix was converted into a color image, and then combined with each other to depict
as a joint histogram. Finally, the point set distribution of joint histogram was analyzed, and divergence formula was brought in and
used as the similarity reference standard to determine the evolutionary relatedness of organisms. According to the study results of
100 bacterial genomes, our results suggest that this new method is more accurate and discriminable than the methods based on single
gene or genomic oligonucleotide-based frequency component difference information methods. It not only can distinguish microbial
organism under the family of taxonomy, but also has a better capability to distinguish microbial organism beyond the family of
taxonomy. This method is expected to develop into effective device and apply to species identification and phylogeny inferring.
Keywords Image registration; Oligonucleotide transition probability matrix; Joint histogram divergence; Phylogenetic relationship
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Figure 1 The distribution of the average of joint histogram
divergence according to the rank of taxon

Note: The horizontal axis and the longitudinal axis represent
the rank of taxon and the average of joint histogram divergence
respectively; The differences between each taxon groups are
statistically significant by t-test (p<0.01)
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Figure 2 The phylogeny tree of 5 strains of Staphylococcus genus
Note: A: The phylogeny tree based on 16S rRNA nucleotide
sequence constructed by neighbor-joint method; B: The phylogeny
tree based on joint histogram divergence of genomic trinucleotide
transition probability matrix
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Table 1 The Euclidian distance of trinucleotide transition probability matrices of bacterial genomes

L. lac MG L. lac SK L. lac 11 S. pyo M1 P pen AT S. aur US A. met QY
L. lac. MG 0
L. lac_SK 0.044 0
L. lac_11 0.062 0.073 0
S. pyo_M1 0.291 0.295 0.308 0
P, pen_AT 0.321 0.324 0.324 0.305 0
S. aur_US 0.392 0.396 0.390 0.392 0.334 0
A. met QY 0.382 0.388 0.397 0.320 0.349 0.372 0

A% 2 YT HE R A = R e P MR R R TR PO BB 5 LT PRI U

Table 2 The joint histogram divergence of trinucleotide transition probability matrices of bacterial genomes

L. lac MG L. lac SK L. lac 11 S. pyo M1 P pen AT S. aur US A. met QY
L. lac. MG 0
L. lac_SK 35.674 0
L. lac_11 87.366 89.496 0
S. pyo_M1 1020.933 1 043.886 1202.584 0
P, pen_AT 1 090.625 1111.164 1193.150 1230.305 0
S. aur_US 1291.842 1311.779 1 324.448 1 475.062 1 062.187 0
A. met QY 2 305.814 2 344.976 2 570.574 1 586.869 1916.826 1 768.208 0

A% 3 WL R A = %R e o MR A A 1 ) I L R A P

Table 3 The Euclidian distance of trinucleotide transition probability matrices of bacterial genomes.

S.aur JH1  S.epi AT S.pyo Ml S.pyo M9  S.aga 26 L. lac MG P.pen AT A.ore Oh
S. aur JH1 0
S. epi_ AT 0.122 0
S. pyo_M1 0.386 0.382 0
S. pyo_M9 0.387 0.383 0.020 0
S. aga 26 0.288 0.268 0.173 0.174 0
L. lac MG 0.389 0.379 0.291 0.292 0.267 0
P. pen AT 0.328 0.334 0.305 0.305 0.270 0.321 0
A. ore_Oh 0.405 0.384 0.399 0.399 0.344 0.431 0.394 0

R 4 VIR A =R RRF R MR S A I] (% £ L7 IS

Table 4 The joint histogram divergence of trinucleotide transition probability matrices of bacterial genomes.

S.aur JH1 ~ S.epi AT  Spyo M1 Spyo M9 S.aga 26  Llac MG  Ppen AT  A.ore Oh
S. aur_JH1 0
S. epi_ AT 476.659 0
S. pyo_M1 1460.841 1771.400 0
S. pyo_M9 1465.781 1767.048 26.995 0
S. aga 26 1 062.527 932.606 549.594 541.027 0
L. lac MG 1320.710 1934386 1020.933 1037.187 1327.596 0
P. pen AT 1043.516  1377.373 1230305 1231175 1094.646 1090.625 0
A. ore_Oh 1839.600 1758309 1938365 1934.658 1516.067 2265351 2028414 0
2 0 iR BCHEFAR, A IS BT B ELB b 2 0] B 22 57
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5 W 16S IRNA FEAIAH S . Gene ID, Taxa ID BL AL 5
Table 5 List of 16S rRNA related gene of organisms and evolutionary lineages used in this study

BEALHE 5

Yiwh HEHNID HEID NCBI lineage
Organism GeneID  TaxaID JB % Fh4g

Genus Species
Staphylococcus aureus subsp. aureus MRSA252 (S. aur MR) 2861295 282458  Staphylococcus  Staphylococcus aureus
Staphylococcus aureus subsp. aureus Mu50 (S. aur Mu) 1122189 158878  Staphylococcus  Staphylococcus aureus
Staphylococcus aureus subsp. aureus MW2 (S. aur MW) 1004101 196620  Staphylococcus  Staphylococcus aureus
Staphylococcus aureus subsp. aureus N315 (S. aur N3) 1124883 158879  Staphylococcus  Staphylococcus aureus
Staphylococcus saprophyticus subsp. Saprophyticus ATCC 4036334 342451  Staphylococcus Staphyloc'(.)ccus
15305 (S. sap_SA) saprophyticus
Streptococcus pyogenes M1 GAS (S. pyo M1) 2827784 160490  Streptococcus Streptococcus pyogenes
Streptococcus pyogenes MGAS2096 (S. pyo MG2) 4064804 370553  Streptococcus Streptococcus pyogenes
Streptococcus pyogenes MGAS315 (S. pyo MG3) 3284470 198466  Streptococcus Streptococcus pyogenes
Streptococcus pyogenes MGAS5005 (S. pyo MGS) 3571582 293653  Streptococcus Streptococcus pyogenes
Streptococcus pyogenes MGAS9429 (S. pyo MG9) 4061061 370551 Streptococcus Streptococcus pyogenes
Streptococcus pyogenes SSI-1 (S. pyo_SSI) 1065158 193567  Streptococcus Streptococcus pyogenes
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Figure 4 The joint histogram of trinucleotide transition probability
matrix of organisms

Note: A: The joint histogram of both of Streptococcus pneumonia
TIGR4 and itself; B: The joint histogram of Streptococcus
pneumonia TIGR4 and Streptococcus pneumonia D39
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Figure 5 The phylogeny tree of 5 strains of Streptococcus pyogenes.
Note: A: The phylogeny tree based on 16S rRNA gene
constructed by neighbor-joint method; B: The phylogeny tree
based on joint histogram divergence of genomic trinucleotide
transition probability matrix
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Supplement 1 List of genomes used in this study

kb ko lac 733 1D AL R
Organism Accession TaxalD NCBI Lineage
Staphylococcus aureus subsp. aureus JH1 NC 009632 359787 F.1.1.1.1.1
Staphylococcus aureus subsp. aureus JH9 NC 009487 359786 F.1.1.1.1.1
Staphylococcus aureus subsp. aureus Mu3 NC 009782 418127 F.1.1.1.1.1
Staphylococcus aureus subsp. aureus Mu50 NC 002758 158878 F.1.1.1.1.1
Staphylococcus aureus subsp. aureus USA300 FPR3757 NC 007793 451515 F.1.1.1.1.1
Staphylococcus aureus subsp. aureus USA300 TCH1516 NC 010079 451516 F.1.1.1.1.1
Staphylococcus epidermidis ATCC 12228 NC 004461 176280 F1.1.1.1.2
Staphylococcus epidermidis RP62A NC 002976 176279 F1.1.1.1.2
Lactobacillus brevis ATCC 367 NC_008497 387344 F.1.2.1.1.1
Lactobacillus helveticus DPC 4571 NC_010080 405566 F.1.2.1.1.2
Lactobacillus johnsonii NCC 533 NC_005362 257314 F.12.1.1.3
Lactobacillus plantarum WCFS1 NC 004567 220668 F.1.2.1.14
Lactobacillus salivarius UCC118 NC 007929 362948 F.1.2.1.1.5
Pediococcus pentosaceus ATCC 25745 NC_008525 278197 F.1.2.1.2.1
Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293 NC 008531 203120 F.1.2.2.1.1
Oenococcus oeni PSU-1 NC_008528 203123 F.1.2.2.2.1
Lactococcus lactis subsp. cremoris MG1363 NC 009004 416870 F.1.2.3.1.1
Lactococcus lactis subsp. cremoris SK11 NC_008527 272622 F.1.2.3.1.1
Lactococcus lactis subsp. lactis 111403 NC_002662 272623 F.1.2.3.1.1
Streptococcus agalactiae 2603V/R NC 004116 208435 F.1.2.3.2.1
Streptococcus agalactiae A909 NC 007432 205921 F.1.2.3.2.1
Streptococcus agalactiae NEM316 NC 004368 211110 F.1.2.3.2.1
Streptococcus gordonii str. Challis substr. CH1 NC 009785 467705 F.1.23.22
Streptococcus pneumoniae D39 NC 008533 373153 F.1.2.3.23
Streptococcus pneumoniae R6 NC 003098 171101 F.1.2.3.23
Streptococcus pneumoniae TIGR4 NC 003028 170187 F.1.2.3.23
Streptococcus pyogenes M1 GAS NC 002737 160490 F.1.2324
Streptococcus pyogenes MGAS2096 NC 008023 370553 F.1.2324
Streptococcus pyogenes MGAS315 NC 004070 198466 F.1.2324
Streptococcus pyogenes MGAS5005 NC_007297 293653 F.1.2324
Streptococcus pyogenes MGAS9429 NC_008021 370551 F.12.324
Streptococcus pyogenes SSI-1 NC_ 004606 193567 F.1.2324
Streptococcus suis 05ZYH33 NC_009442 391295 F.12.325
Streptococcus suis 9SHAH33 NC_009443 391296 F.1.23.25
Streptococcus thermophilus CNRZ1066 NC 006449 299768 F.1.23.2.6
Streptococcus thermophilus LMD-9 NC 008532 322159 F.1.23.2.6
Streptococcus thermophilus LMG 18311 NC 006448 264199 F.1.23.2.6
Alkaliphilus metalliredigens QYMF NC_009633 293826 F2.1.1.1.1
Alkaliphilus oremlandii OhILAs NC_009922 350688 F2.1.1.1.2
Clostridium acetobutylicum ATCC 824 NC_003030 272562 F2.1.1.2.1
Clostridium beijerinckii NCIMB 8052 NC_009617 290402 F2.1.12.2
Clostridium botulinum A str. ATCC 19397 NC_009697 441770 F2.1.123
Clostridium botulinum A str. ATCC 3502 NC_009495 413999 F2.1.123
Clostridium botulinum A str. Hall NC_009698 441771 F2.1.123
Clostridium botulinum F str. Langeland NC_009699 441772 F2.1.123
Clostridium difficile 630 NC_009089 272563 F2.1.12.4
Clostridium kluyveri DSM 555 NC_009706 431943 F2.1.125
Clostridium novyi NT NC_008593 386415 F2.1.1.2.6
Clostridium perfringens ATCC 13124 NC_008261 195103 F.2.1.1.2.7
Clostridium perfringens SM101 NC_008262 289380 F2.1.1.2.7
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Clostridium perfringens str. 13 NC 003366 195102 F2.1.1.2.7
Clostridium tetani E88 NC_004557 212717 F2.1.1.2.8
Bartonella bacilliformis KC583 NC_008783 360095 P.1.1.1.1.1
Bartonella henselae str. Houston—1 NC 005956 283166 P.1.1.1.1.2
Bartonella quintana str. Toulouse NC 005955 283165 P1.1.1.1.3
Bartonella tribocorum CIP 105476 NC_010161 382640 P.1.1.1.14
Bradyrhizobium sp. ORS278 NC_009445 114615 P.1.1.2.1.1
Mesorhizobium sp. BNC1 NC_008254 266779 P.1.1.3.1.1
Mesorhizobium loti MAFF303099 NC_002678 266835 P.1.1.3.2.1
Agrobacterium tumefaciens str. C58 NC 003304 176299 P1.14.1.1
Dinoroseobacter shibae DFL 12 NC_009952 398580 P.1.2.1.1.1
Ruegeria pomeroyi DSS-3 NC 003911 246200 P1.2.1.2.1
Anaplasma phagocytophilum HZ NC 007797 212042 P.1.3.1.1.1
Anaplasma marginale str. St. Maries NC 004842 234826 P.1.3.1.1.2
Ehrlichia canis str. Jake NC_007354 269484 P.1.3.1.2.1
Ehrlichia chaffeensis str. Arkansas NC 007799 205920 P.1.3.1.2.2
Ehrlichia ruminantium str. Welgevonden NC 005295 254945 P.1.3.1.23
Acidovorax avenae subsp. citrulli AAC00-1 NC 008752 397945 P2.1.1.1.1
Acidovorax sp. JS42 NC_008782 232721 P.2.1.1.1.2
Rhodoferax ferrireducens T118 NC 007908 338969 P2.1.1.2.1
Polaromonas naphthalenivorans CJ2 NC 008781 365044 P2.1.1.3.1
Polaromonas sp. IS666 NC_007948 296591 P.2.1.1.3.2
Verminephrobacter eiseniae EF01-2 NC 008786 391735 P2.1.14.1
Aeromonas hydrophila subsp. hydrophila ATCC 7966 NC 008570 380703 P3.1.1.1.1
Aeromonas salmonicida subsp. salmonicida A449 NC 009348 382245 P3.1.1.1.2
Actinobacillus pleuropneumoniae 1.20 NC 009053 416269 P3.2.1.1.1
Haemophilus ducreyi 35000HP NC_002940 233412 P.3.2.1.2.1
Pasteurella multocida subsp. multocida str. Pm70 NC 002663 272843 P3.2.1.3.1
Desulfovibrio vulgaris str. Hildenborough NC 002937 882 P4.1.1.1.1
Desulfovibrio vulgaris subsp. vulgaris DP4 NC 008751 391774 P4.1.1.1.1
Geobacter metallireducens GS—15 NC_007517 269799 P4.2.1.1.1
Geobacter sulfurreducens PCA NC 002939 243231 P4.2.1.12
Anaeromyxobacter dehalogenans 2CP-C NC 007760 290397 P4.3.1.1.1
Anaeromyxobacter sp. Fw109-5 NC_009675 404589 P4.3.1.1.2
Campylobacter jejuni subsp. jejuni 81116 NC 009839 407148 P5.1.1.1.1
Campylobacter jejuni RM1221 NC_003912 195099 P.5.1.1.1.1
Acholeplasma laidlawii PG-8A NC_010163 441768 T.1.1.1.1.1
Aster yellows witches'-broom phytoplasma AYWB NC 007716 322098 T.1.1.1.2.1
Mesoplasma florum L1 NC 006055 265311 T.1.2.1.1.1
Mpycoplasma capricolum subsp. capricolum ATCC 27343 NC 007633 340047 T.1.3.1.1.1
Mycoplasma agalactiae PG2 NC_009497 347257 T.1.3.1.1.2
Mycoplasma gallisepticum str. R(low) NC_004829 710127 T.13.1.1.3
Mpycoplasma genitalium G37 NC _000908 243273 T.1.3.1.1.4
Mpycoplasma hyopneumoniae 7448 NC 007332 262722 T.1.3.1.1.5
Mycoplasma mobile 163K NC_006908 267748 T.1.3.1.1.6
Mycoplasma penetrans HF—2 NC_004432 272633 T.1.3.1.1.7
Mycoplasma pneumoniae M129 NC_000912 272634 T.13.1.1.8
Mycoplasma pulmonis UAB CTIP NC 002771 272635 T.13.1.1.9
Mycoplasma synoviae 53 NC_007294 262723 T.1.3.1.1.10
Ureaplasma parvum serovar 3 str. ATCC 700970 NC 002162 273119 T.1.3.1.2.1
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