High Throughput ANI Analysis of 90K Prokaryotic
Genomes Reveals Clear Species Boundaries

Jain et al.

Supplementary Table 1: Evaluation of FastANI accuracy and performance while varying the fragment length / used in the
algorithm. We measured Pearson correlation coefficients of FastANI estimate with BLAST-based ANI computation (ANIp) as well
as runtime and memory usage for each value of fragment size (1 Kbp — 10 Kbp). This experiment was conducted using datasets
D3 and D4. From the table, it is evident that increasing fragment size improves runtime and memory usage, but negatively
affects accuracy. Based on these tradeoffs, we set the fragment size to 3 Kbp in the FastANI implementation.

Dataset Metric Fragment size
1 Kbp 3 Kbp 5 Kbp 10 Kbp
D3 Correlation with 0.9980964 0.9952683 0.9919395 0.9867375
ANl
Runtime (index 2589.72 1666.58 1435.32 1145.05
phase) in seconds
Runtime 4737.62 2099.08 1286.37 546.78
(compute phase)
in seconds
Memory (GB) 113.75 48.35 28.95 14.73
D4 Correlation with 0.9649292 0.9439152 0.9019418 0.7865688
(without two ANlp
outlier genome Runtime (index 256.63 175.20 158.73 124.71
assemblies) phase) in seconds
Runtime 746.63 254.11 172.82 74.32
(compute phase)
in seconds
Memory (GB) 12.59 4.38 3.16 1.59
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Supplementary Figure 1: N50, genome-length and completeness distribution for the five datasets D1-D5 is shown using
boxplots. Genome completeness was estimated using the presence of marker genes in CheckM (v1.0.3) [1]. All five datasets
exhibit different assembly N50 and length characteristics. We also note that majority of genomes in datasets D1-D4 are
complete. Genomes in the D5 dataset have low completeness because all ggnomes in D5 were assembled using metagenomics.
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Mauve alignment of second outlier B. anthracis strain Ba_A2012_AAAC01000001 against the query strain
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Mauve alignment of second randomly picked B. anthracis strain 2002734211 against the query strain

Supplementary Figure 2: Top two plots show the mauve alignments of the two outlier B. anthracis strains (2002734165 and
Ba_A2012_AAAC01000001) against the query strain (2000031001) used in D4 dataset. Bottom two plots show the mauve
alignments of two randomly picked B. anthracis strains against the query strain. The top two outlier strains show unusually
higher degree of recombination and gaps than we expect between any two correctly sequenced and assembled B. anthracis
strains. Same behavior was also observed using visualization support in FastANI software (figures not shown here).

CheckM [1] statistics for the first outlier genome indicated high strain heterogeneity (i.e., contamination from closely related
taxa) of 9%. Mean strain heterogeneity in dataset D4 is 0.13%. Quality control and reassembly of raw sequences using Sickle [2]
and Spades [3] respectively didn’t improve the assembly quality, indicating contamination at the read level. Based on the
CheckM estimates, the second outlier genome had the highest incompleteness of 7% in dataset D4. Reads for the second
genome were not publicly accessible to perform a re-assembly.
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Supplementary Figure 3: Correlation of FastANI and Mash output with ANI, using the five datasets D1-D5 listed in Table 1. For a
more robust comparison, we re-executed the experiment in main text (Fig. 1) with five randomly picked query genomes per
dataset that were typically assigned to different species. Similar to what we observed before (Fig. 1, Table 2), FastANI continues
to demonstrate either superior or competitive performance than Mash using all the datasets.
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Supplementary Figure 4: FastANI's aggregate accuracy and error characteristics based on datasets D1-D5. Upper left plot shows
the FastANI and ANI,, correlation. The remaining three plots show differences between FastANI and ANl value versus reference
genome assembly quality (N50 and genome completeness) and the number of reciprocal fragments that matched between
query and reference genome for each comparison. Genome completeness was estimated using CheckM (v1.0.3) [1]. Difference
in the computed ANI values is relatively higher when there are few reciprocal fragments as shown in bottom-right plot, which
typically happens for distant genomes (i.e., ANI close to 80%). Overall, these results show no significant biases associated with
these factors.
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Supplementary Figure 5: We measure the effect of genome completeness and contamination on FastANI’s accuracy using
simulation. The completeness and contamination were simulated by manipulating the read composition of E. coli str. 0157-H7
prior to its assembly, i.e., under-sampling the reads at various scales to induce incompleteness and adding reads of
Pseudomonads aeruginosa str. PAO1 to induce contamination. Degrees of completeness and contamination were measured
using the gene composition of assembled genome (see Panel A). Levels A to M indicate decreasing genome completeness and
increasing contamination. For each combination of completeness and contamination, FastANI’s accuracy with respect to BLAST-
based ANI (ANIy) is presented. Panels B-D show FastANI’s deviation from ANI, when computing ANI between the simulated E.
coli str. 0157-H7 genome against the reference genomes of E. coli str. 0157-H7 genome (ANI=100%), E. coli str. K12 genome
(ANI=97.8%) and E. fergusonii genome (ANI=90.9%) respectively. Missing (blank) values are those that FastANI failed to
estimate due to insufficient hits.

Results show that the contamination had almost no effect at all on FastANI’s output quality, except when there was also a very
low completeness. Also, when completeness was >50% there was basically no effect, but around 20% completeness and below,
the estimate became unreliable which is likely true for BLAST-based ANI as well.
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a) Smooth scatter plot reflecting the effect of changing input order of genome pairs on FastANI. Y-axis shows the difference
caused due to changing the input order and x-axis shows the ANI value obtained from FastANI. Ideally values on y-axis should
equal zero. This data was obtained from FastANI run on the set of 89,499 genomes. FastANI reported 451 million genome pairs
in the above ANI range.
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b) 4,966 genome pairs out of 451 million (0.001%) show a difference greater than 2 on changing their input order to FastANI.
Above plot explicitly shows these outlier genome pairs.
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Citrobacter rodentium
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Enterobacter hormaechei
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Burkholderia sp. H160
Enterobacter sp. Ag1
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c) MyTaxaScan [4] analysis of Shigella Flexneri strain 1235 _66_GCA_ 000268065 draft genome assembly. Top two contamination
sources are species of the Citrobacter genus and E. coli genomes.
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Sinorhizobium meliloti = Pectobacterium wasabiae = Bacillus subtilis
Staphylococous = Vibrio furnissi = Aeromonas hydrophila
Yersinia enterocolitica = Octadecabacter arcticus = Kiebsiella sp. 4_1_44FAA
Edwardsiella Xanthomonas euvesicatoria Providencia alcalifaciens
Shigella dysenteriae = Pantoea agglomerans = Pseudomonas putida
Escherichia sp. 3_2_53FAA = Aerococcus viridans = Ruminococcus albus
Serratia plymuthica = Streptococcus suis = Rhizobium tropici
Enterobacter hormaechei = Xanthomonas citri = Pseudoalteromonas sp. BSi20311
Haemophilus influenzae = Enterococcus faecium = Kosakonia radicincitans
Aeromonas media = Acetobacter pomorum = Halothiobacillus neapolitanus
Hafnia alvei = Micrococcus luteus - . KH32C
Escherichia sp. TW09231 = Desulfovibrio = Pseudomonas stutzeri
Enterobacter sp. Agl ndosymbiont of Riftia pachyptila Pectobacterium atrosepticum
Bartonella quintana = Burkholderia sp. Chi-1 = Kiebsiella sp. OBRCT
Raoultella omnithinolytica ® Shewanella putrefaciens ® Serratia marcescens.
Salmonella = Paenibacillus vortex = Acinetobacter sp. WC-743
Desulfotalea psychrophila.
Bacteroides uniformis ® Pseudoalteromonas tunicata ® Enterococeus faecalis
Xanthomonas campestris = [Ruminococcus] obeum = Vibrio mimicus
Nostoc sp. PCC 7107 = Enterobacteriaceae bacterium strain FGI 57 ® Bacillus amyloliquefaciens
Cyanobacteria = Advenella kashmirensis = Yokenella regensburgei
Pseudomonas fragi ine g HTCC2148 asburiae
‘Sphingobacterium sp. 21 ® Beggiatoa alba = Pasteurella multocida
Erwinia ® Burkholderia sp. SJ98 ® Yersinia
Neisseria lactamica = Vibrio parahaemolyticus = Citrobacter rodentium

Shewanella baltica
Serratia sp. M24T3
Actinobacteria

Oceanicaulis sp. HTCC2633
Herbaspirilum frisingense
Bartonella

d) MyTaxaScan analysis of Escherichia coli strain NC_011752 draft genome assembly. Top two contamination sources are
species in Proteobacteria phylum and S. enterica genome.
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8 Escherichia col . i . campestris = Helicobacter cinaedi = Streptococcus sp. GMD4S
= Salmonella enterica = Vibrio splendidus * Bartonella henselae = Chlamydia trachomatis = Salmonella

= Protecbacteria = Bartonella quintana » Acidovorax ebreus = Citrobacter rodentium = Rhizobium leguminosarum
= Aci baumannii - = Xanthomonas fuscans = Enterobacter mori = Methylophaga aminisulfidivorans
o Escherichia = Bacilus " C ium diphiheriae @ Enterobacter = Burkholderia xenovorans

= Pseudomonas aeruginosa = Photorhabdus = Delftia acidovorans = Kiebsiella sp. OBRC7 = Serratia sp. M24T3

8 Kiebsiella pneumoniae = Cronobacter sakazakii » Burkholderia sp. Ch1-1 = Desulfitobacterium dehalogenans ® Aeromonas aquariorum

= Morganella morganii = Escherichia alberti = Bacteroides dorei = Halothiobacillus neapoltanus = Rhizobium sp. CCGE 510
= Proteus mirabilis = Bartonella vinsonii » Burkholderia . joti = C testosteroni

= Enterobacter cloacae = Aeromonas media = Yersinia enterocolitica = Pseudomonas sp. TJI-51 = Yersinia intermedia

8 Shigella flexneri = Edwardsiella tarda ® Xanthomonas citri = Ralstonia sp. PBA = Microcystis aeruginosa

= Pseudomonas syringae = Escherichia sp. TW10509 . = O = Pantoea agglomerans

= Kiebsiella oxytoca . . jont of Riftia pachyptia @ Escherichia sp. 1_1_43 = Desulfovibrio sp. 3_1_syn3
= Vibrio cholerae = Escherichia fergusonii = Shimwellia blattae = Sinorhizobium meliloti = Acinetobacter radioresistens
= Citrobacter freundii = Polaromonas sp. CF318 » Providencia = Bartonella grahami = Oceanicola batsensis

= Escherichia sp. TW09308 = Pasteurella multocida = Nitrobacter sp. Nb-311A = = aerogenes

8 Kebsiella = Shigella boydi u Yersinia pestis = Aeromonas salmonicida = Verminephrobacter eiseniae
= Bartonella australis = Vibrio sp. HENC-03 = Yokenella regensburgei = Yersinia bercovieri = Xylella fastidiosa

= Citrobacter = Providencia rustigianii » Enterobacter sp. Agl = Serratia plymuthica = Desulfovibrio

= Shigella sonnei = Citrobacter sp. 30_2 = Enterobacter asburiae = Thauera sp. MZ1T

= Bartonella = Shigella » Providencia alcali = Al aestuarii

e) MyTaxaScan analysis of Salmonella enterica strain NC_010716 draft genome assembly. Top two contamination sources are
from E. coli genomes and other members of the Proteobacteria phylum.

Supplementary Figure 6: FastANI accepts genome pairs <reference genome, query genome> as input. For most genome pairs,
input order caused an insignificant change in the FastANI tool’s ANI estimate. We first demonstrate this by showing a smooth-
scatter plot of 451M genome pairs [plot a]. Among them, we observed 4,966 outlier genome pairs (0.001% of 451M) that show
difference = 2 [plot b].

On further investigating these outliers, we concluded that they are caused by highly contaminated genome assemblies. We
used MyTaxaScan [4] to perform quality check of the top three genomes that contribute to the 4,966 outliers: a) Shigella
flexneri strain 1235_66_GCA_000268065 assembly (part of 1,941 outliers), b) Escherichia coli strain NC_011752 assembly (part
of 632 outliers), and c) Salmonella enterica strain NC_010716 assembly (part of 505 outliers) [plots c-e]. To generate the
MyTaxaScan plots, we divided each genome in windows of 10 genes, and estimated the taxonomic profile for each window
using MyTaxa [5]. The resulting most-likely classification is represented as stacked bars per window, and the profile generated
from all genes in the genome is presented on the right-hand side (see corresponding legends for colors). We compared the
distribution resulting from each window against the genome-wide distribution using Hellinger distances, represented as grey
bars in the top panel of each plot, and highlight regions with abnormally high distances (numbered red pinheads). Multiple
colored peaks in all the three MyTaxaScan [4] plots highlight significant contamination in these assemblies from other species.
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Supplementary Figure 7: Histogram plot showing the distribution of ANI values among the 90K genomes with ANI estimated
using Mash. Similar to the FastANI results presented in main text (Fig. 3c), the bimodal ANI distribution is persistent. Moreover,
the 95% ANI species cutoff is evident using Mash results as well. Considering the shapes of the two peaks, the right peak
matches with the one obtained using FastANI, but shape of the left peak differs. In lower identity range however, we expect
FastANI’s output (Fig. 3c) to be more reliable than Mash.

For this all vs. all comparison, Mash took much less time compared to FastANI- only 51 CPU hours and 359 CPU hours with
sketch sizes 103 and 10* respectively. However, Mash failed to produce output with sketch size 10° due to a runtime error.
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Supplementary Figure 8: Composition of draft prokaryotic assemblies in the NCBI database with time at the genus level is
visualized using Krona [6] charts. As expected, genera of health or biotechnological importance have dominated the database
progressively. For each of these cohorts, ANI distribution density curves are shown in Fig. 3b.
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Supplementary Figure 9: The sequence discontinuity was also evident when the species with large numbers of representatives
in the database were iteratively removed from the database. We computed genome clusters corresponding to genome pairs
with 295% ANI values. The main plot shows a histogram of ANI values (filled grey) for all genomes in the database (same as Fig.
3a). The different lines shown correspond to the resulting histograms after removing the top-n largest clusters, with n ranging
from zero (black line) to 400 (brightest red line). Notice that the second peak on the right side starts to disappear when all 400
clusters are removed due to reduced intra-species comparisons in the database. The top inset shows how the fraction of pairs
that fall into the 83-95% ANI region (with respect to the 75%-100% ANI region) vary with the number of clusters removed
(black-to-red filled area, both in log scale), as well as the fraction of pairs above 95% (blue line). Notice that while removing the
top-n largest clusters, the fraction of pairs inside the valley is consistently below 5%. The bottom inset shows a magnification of

the valley region (83% - 95% ANI).
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Supplementary Figure 10: Distribution of pairwise ANI values in a genome set that is characterized by equal representation of
named species in our dataset. First, we selected all named species for which there were five or more genomes available in the
NCBI database (750 in count). A custom database was created with five genomes randomly picked for each named species,
yielding a total of 3,750 genomes. Discontinuity is still evident with FastANI reporting only 0.2% inter-species pairs in the valley
region (83%-95%) out of the total inter-species pair count present in the sampled set. The right-hand side peak is small (relative
to Fig. 3a) because we have only five genomes per species yielding only 18,750 intra-species pairs in the sampled set. Similar
observations were drawn when we sampled two genomes per species yielding a set of 4,838 genomes (2,419 species x 2) [data
not shown].
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