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Detailed MicrobeAnnotator Output

MicrobeAnnotator creates a single output folder per run, whose structure is:

[Output Folder]/
annotation_results/
[genome].annotations — Tab-separated files with annotations for each protein in the input file. The columns of
this file include:
query_id: Identifier of query protein.
protein_id: Identifier of best match.
product: Name of best match (e.g. acyl-CoA thioesterase).
ko number: KO identifier.
ko product: Protein name associated with KO identifier.
taxonomy: Taxonomy of best match.
function_go: Gene Ontology identifiers associated with Function.
compartment_go: Gene Ontology identifiers associated with Compartment.
process_go: Gene Ontology identifiers associated with Process.
interpro: InterPro identifier.
pfam: Pfam identifier.
ec_number: E.C. number.
database: Database where the match was found.
[genome].ko — File with KO identifiers found in the genome; one per line.
process_log/
log.txt - File with last step of the annotation completed.
structure.pickle — File with record of files created by MicrobeAnnotator
kofamscan_results/
[genome].kofam — Raw output from KOfamscan
[genome].kofam.filt — Filtered file with best KOfamscan matches.
refseq_results/
e Method indicates the search tool used (blast, diamond, or sword)
[genome].[method] — Blast-like tabular output.
[genome].[method].filt — Blast-like tabular output with best match per query.
swissprot_results/
e Method indicates the search tool used (blast, diamond, or sword)
[genome].[method] — Blast-like tabular output.
[genome].[method].filt — Blast-like tabular output with best match per query.
trembl _results/
e  Method indicates the search tool used (blast, diamond, or sword)
[genome].[method] — Blast-like tabular output.
[genome].[method].filt — Blast-like tabular output with best match per query.
[prefix] barplot.pdf — Barplot with modules above 80% complete in at least one genome.
[prefix] heatmap.pdf — Heatmap with modules above 50% complete in at least one genome.
[prefix] module completeness.tab — Tabular file with module completeness and pathway correspondence.

In summary, MicrobeAnnotator provides the user with all annotation results files to allow expert users to
inspect the raw and filtered search files, improving the tool’s transparency. Users can also extract additional
information from the annotation files, such as other database identifiers like InterPro, Pfam, GO, and E.C.,
allowing users to compare the annotations with other databases. In this regard, we also included in the
MicrobeAnnotator pipeline scripts designed to convert from one type of identifier to another. For instance,
a user can take the .ko file and convert all the KO identifiers into E.C. numbers (when a match is found).
The availability of other database identifiers further improves the compatibility of Microbe Annotator with
other annotation tools and databases, allowing for easier comparisons and translation of results from one
tool to another.



MicrobeAnnotator option performance

We have developed MicrobeAnnotator to be flexible and user-friendly, allowing newer users to use
default options but allowing experienced users to change and select the searching methods and tools
depending on their preferences. One of the options in Microbe Annotator allows the user to select between
Blast, Diamond, or Sword as the search tool to find matches against the annotation databases. We compared
all three options in terms of database building times and annotation times. Figure S2A shows the database
creation time comparison between all three searching tools. Given that Sword uses raw FastA files as inputs,
there is no additional time required after downloading the databases and parsing the metadata; Diamond
and Blast, on the other hand, have an additional database building time of ~0.5 and ~8.4 hours, respectively.
We selected ten Escherichia coli genomes (Table S1) for the annotation test and annotated them using 10
threads for each one, recording the time required for the complete process to finish. The proteins for each
genome were directly downloaded from their original record in NCBI, so no protein prediction was
performed for this comparison. The average time required to annotate, on average, 4,600 proteins per
genome for Diamond was 26.7 minutes, compared to 221.22 minutes (~3.6 h) for Sword and more than 36
hours for Blast (Figure S2B). Another important feature of MicrobeAnnotator is its iterative pipeline that
only uses the subset of unannotated proteins in the previous step to reduce the search space against larger
databases; we have implemented an option if the user wants to annotate all proteins against all databases.
This mode is called the fi//l mode of MicrobeAnnotator. We estimated the time required to perform the full
annotation, i.e., search all proteins with KOfamscan, and against Swissprot, RefSeq, and trEMBL using
Diamond, the fastest method available. The difference between the standard and full annotation versions
using diamond was ~10 minutes on average for a typical E. coli genome.

Besides speed, annotation consistency is also an important factor of functional annotation; to
evaluate consistency, we used three different metrics. The first metric compared the annotations based on
KO identifiers recovered for all three methods, the second estimated the number of annotated, hypothetical,
and unannotated proteins, and the third compared the protein annotations themselves. The first metric
(Figure S1), showed that all three methods recover the same or almost the same module completeness in
all genomes used, with a small difference in completeness levels in the ETEC colonization factors -
pathogenicity signature module. The second metric compared the type and number of annotations, and we
defined annotation types as previously described [1]. We considered a protein as annotated when it had at
least one annotation from any database that did not contain ‘hypothetical,” ‘uncharacterized,” ‘domain of
unknown function,’ or ‘protein of unknown function;” a hypothetical protein, on the other hand, had a match
in any database but contained any of the terms above. Finally, a protein was classified as unannotated when
it had no match against any of the databases (identified as “No match found” in Microbe Annotator results).
Figure S2C shows the comparisons on the percentage of proteins annotated using all three search tool
methods. As expected, most proteins from E. coli genomes are classified as annotated using any method,
while a small minority remains unannotated. There were no statistically significant differences between the
median percentage of annotated and hypothetical proteins among the methods used (Kruskal-Wallis,
p>0,05). However, there were significant differences between the median percentage of proteins that
remained unannotated (Kruskal-Wallis, H=22,2, p<0,01), with Sword having the lowest value, followed
by Blast. Finally, the third comparison method involved estimating the similarity between the text-based
annotations obtained using each method. Given that it is challenging to manually compare the annotation
text of two sets of proteins and considering that annotation descriptions between proteins can vary even if
they are the same protein, we calculated the cosine similarity between a pair of annotation texts. The cosine



similarity has been widely used to measure how similar text documents or strings are to one another [2].
Briefly, the text associated with the annotations obtained was transformed into a vector of unique words
that is compared with another; if two annotations are identical, they have a similarity of 1. Otherwise,
depending on the number of words they share, the similarity ranges between 0 and 1. Figure S2D shows
the cosine similarities between the annotations obtained using Blast and Sword for all proteins in each E.
coli genome tested. Most proteins have identical or almost identical text-based annotations suggesting both
methods find the same best match most of the time. There are some outliers in all genomes that, upon closer
inspection, show small differences in the annotations, such as additional gene names or instances of
“putative” vs. “probable.” On the other hand, comparisons between Blast vs. Diamond, or Sword vs.
Diamond (Figure S3), showed that several of the outliers are proteins that were not annotated using
Diamond. This result further supports our previous findings that suggest Blast and Sword are more sensitive
methods than Diamond. Therefore, all our comparative methods with other tools use Sword as the default
method given that it has a similar sensitivity to Blast but is much faster. In addition, we recommend the use
of Sword for detailed annotations, while Diamond can be used for quick annotation and visualization
purposes.

One key feature of MicrobeAnnotator is its capacity to simultaneously process multiple genomes
and combine their annotation information in a single plot. While other tools can accept multiple genomes
(jobs), they are processed separately, reporting the results individually. MicrobeAnnotator simultaneously
processes genomes across threads to significantly speed up the analysis of batch genome collections,
reporting each genome’s annotations while also compiling a matrix with KO identifiers and report KEGG
module completeness in two plots for efficient cross-genome comparisons (Figure S1). Estimates of run
times evaluated with 50 E. coli genomes and the light version of MicrobeAnnotator showed that the use of
multiple computation threads speeds up the annotation process overall. The speedup gains obtained by this
multiprocessing execution fall between 90-95% parallelization efficiency as described by Amdahl’s Law
(Figure S4), where it grows sub-linearly with each added computation thread. Nonetheless, the speedup
depends on the exact genomes used and the number of initial proteins found in the smaller database used
by KOfamscan.

In summary, considering the tradeoffs between annotation times and consistency, Diamond
appeared to be a feasible and fast option for rapid annotation of genomes. At the same time, Sword emerged
as an alternative for more sensitive annotation without the limitations in computational time that Blast
showed in our tests. By taking advantage of the multiprocessing options within MicrobeAnnotator, users
can use the full computing power available to parallelize the annotation of multiple genomes more
efficiently while retaining the ability to obtain individual results and summaries using all genomes in the
initial input.
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Figure S1: Annotation comparison between search tool options. The heatmap shows module
completeness (y-axis) for 10 E. coli genomes (x-axis) annotated using the three different search methods
available in MicrobeAnnotator (Blast, Diamond, and Sword). Note the completeness level of all modules
recovered is identical or almost identical for all genomes. The different colors of the modules indicate which

pathway they belong to (lower right box).
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Figure S2: Performance and consistency comparison among search tool options. The different search
tool options available in MicrobeAnnotator were compared in terms of (A.) Additional time (in hours)
required to build the search databases, (B.) the time required to annotate a typical bacterial genome (~4600
proteins), and (C.) the percentage of proteins classified as annotated (A), hypothetical (H), and unannotated
(U). Finally, the consistency of annotations between Blast and Sword estimated using cosine similarities
showed that most annotations are identical for the ten genomes tested (G1-G10, Table S1; D.).
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Figure S3: MicrobeAnnotator annotation similarity among search tools. The similarity of text-based

annotations obtained using MicrobeAnnotator and different search tool options indicated that Blast vs.

Sword (A.) and Sword vs. Diamond (B.) annotations are mostly identical, revealing that the tools find the

same best matches overall.



16 1 Amdahl's Law
— 100%
14 4 --—-—- 98%
95%
12 92%
90% e
10 - el
o
>
®
g 81
n
6 -
4 .
2 -

2 4 6 8 10 12 14 16
Threads

Figure S4: MicrobeAnnotator multithreading computation speedup. The speedup was compared using
the light mode in MicrobeAnnotator. Times were compared with the base computation using one thread.
Note that increasing the number of threads results in a speedup comparable to ~95% parallelization

according to Amdahl’s law.



0 20 40 60 80 100
Module Completeness (%)
- Proline biosynthesis, glutamate => proline
-Om ifine Dicsynihesis, glutamate => omiline
Ve
) 7Arg\mne bosynthesis, omithine => arginin
- vginn Besininess, ddlamat S elyiciluline <> arginin

e e
ginine succinyliransferase pathway, arginine =
g SeEne phesphocrolpyliaie 0 e AR chorismate
= Tvyp\o’ahan biosynthesis, chorismate => tryptophan
yial Y Bhenylalanine
ine

0010

-5%0he;
an cmnamate negrscﬁmn irans- cmnamale acetyl CaA

valine — 2-oxobutanoate => isoleucine
> 2-oxoisocaproate

2 oxobulancals

ate => isoleucine

ceraldehyde-3P
= ribuibse-5P

= Valne-izoleucine biosynihesis, pyruvate
ine biosynt Loxoisovalerate

('.a\vm (‘yc\e)

osphate cycle
phosphats cycie, bul gl
hosphate cycle: gyceraidenyde s
mmolw
cid metabolism). light
cd Cy(JL ﬁlmsghuuwlp yiuvate carboxykinase type
lc Snzyme tpe

a0 \ak\"ydvuxyb(nyum oydle
sphale scelirenyiergse-acéiate . pathway, acetyl-CoA => acetate
heds (Embdev-MeyemMpamwiw Glicose = pyrivite
g thise sarbon compotinds

Sletogness o xa‘&a il pe’rﬁo’gg hosshate cycle
s 5\ ralgace

ZPRPP b‘gsymgss\s Pauey{Feniqgs ghospnate cycle)

= Rentose BROSPIEE pavey cridatve phase, glucose 6P = * sbulose 5P
Z PEnicss Phosphats painway, hon-oxicaiive phass. ficloss 6P 2> risose 5P

= ERerDo3Gief ey, glicase:or - alyeeralashyde- i
- O ek dbe

e SYElS st oaren oriomich: oxaloacetate => 2-0xoglutarate

- C\(ra\e‘ce g\s ssganc cavbm\ ox\dalmn 2< axog\u(ara‘e > oxaloacetate
oS hon Aive Eniner- Dodorort pathay gluconats = aycerate 3P
Beniote phosphats paimway. archaea, 1ciose Bose 5P

- Wethonine b\os{mhssls apartat
CDoorlhedt Seihe

e/smme b\osyn(hes\s me(hmmne => cysteine
Jtidrug re: effluxpump WexEF Oor
dru efflux pump ACrEF-
tance, oflux pumb NAEE-TolC
tanc i BocEF-OprC
tance! offlux

2 Shlx Dumb ViesaBopria

mm poptice (CAMP) resid fance, protease PotE
sion of porin Oprl)

e erm»\oth porin

Tesistanc

Ketone body biosynthiesss, acetyl-CoA =
R aphanetatomnG (Pe) blosynthess, DA

ioacetate.
PS

ey Butyrate-acetone
g

— Lysine biosynthesis, auccmb\ DA pativiay, aspariale = ysine
[ysine biosynthesis. acetyl-DAP palfvey, Sspariae > hyame
L LYsine biosynt ihesis’ DAE cehydro Fway, asp riate
_ L3ine blosyninesis: DAP smiotransfarast pathad f
e GaTeIas Seaniator: Tuioleae roenoRaphats b pal iy
Formaldenide assmiaiion. ibulose monophosphate pat hway

~ Dissimilatory nitrate reduction,

Modules (at least 50% complete in at least one genome)

]

~ Glyoxyiate cycle

- Gilcuronats paifway (uonale pathway)
B-Gi dation D-Glucurohale => pyruvate + D-glyceraldenyde 3P
bale biosynIHeSis, planis gllcos 0P == 26corbale

= Nucleolide sugar biosynthesis, UBP glycoso

Z AScorbate dsgradation. as
l- L} L} L A = n = D Galactonate. dc radalion, De Ley Doudomﬂ athway, D-galactonate == glycerate-3P
] - iosyningsis, galacios P galatioss

Irehaloso bty n(hess De8e T2 onniose

in (bacioria) D-gala yruvate + D-glyceraldehyde 3P

D-Galact grad ct
~ Galacios gladahon Felon Sty gaiSclose = Bifha  gcose 15
Munymwm cle
ropano A métabolism, propanoy X‘ CoA => succiny-CoA
b oy phosehare S L AradNbiosynthesis, UDP-GleA => undecaprenyl phosphate alpha-L-AradN
— Glycogen biosynihssis, glucas lycogen--star
<

iegencty signature
EliEc PERE ity Sianatgre, 1958 and effectors
r-enussns amogemcny signature, 115S

B ey alnalurb. héatlsble and heat.stable enterotoxins

M- dTDP-L-thamnose biosynthesis

yrimiing dsgradion, yraci = beta-slanine, thyming = 3-3pingisobutanoate

e m osynthesis, glutamirie +PRPP = Qe

yvlm\dms nbonuc sonue b\osynmes\s UNiP 2= UbP-UTP CoP-CTe

yrimi oribon synihesis cDPc
mos:

LI ) - Beta
— Assimila sulfa H2S8
- C5 isgy prer\mc Dmsyr\thesls o alonie 5 pamway
— ¢10-C20 1soprenoid mos/n\hems bacteria
¢10-620 \sopvenold biosyntt
BB BB BCEVCC OB VB BB VOB KB OO BB KB BIC OB KBGOGB BGEO BB GO BB B P LBV B BB GO BBV VBB B UL B BBV BB B BB OBBIOG
gggedadagooddodssdadosdadangscdogdonagdagsgsodsogedosnadaagoodadeoddacdddosddovadadagdossddodasodads
N B T S R S B 3 B N T e AR HDAASSHSCEE O FOECICEOEO0 o Aginine and proline metabolism Lipopolysaccharide metabolism
D o T N S O O e N N B B R R B S S S T N S B S P ISELANSN O
B B s o S R B g e B S S S N S R R OO L I B o0 RRRRRRERn oL | |\ - ic amino acid metabolism O e
S e ot st o S A I T o ottt
oS e e e B e S N N Y R M St e —— Cir o
8585583885825 3e55552S SINNINININNANANNAINAININNINNISIINANIINGNNININNANGRES o Avomatics degradation . ane metabolism
88383833835335338333332 2233833 233833833 3388383383283 33828838 338338338238333383353383323 it ot o
weleb bbb bbb b b bbb b b bbb bbb b L L O O O O O O O R R R L P L P T N A L R L e O (=T
26 20 Biosynthesis of other secondary metabolites Other amino acid metabolism
. amino acid mefabolism @ Other carbohydrate metabolism
®  Carbon fixation o Pathogenicity
Genomes (RefSeq ID) @ Central carbohydrate metabolism Polyamine biosynthesis
Cofactor and vitamin metabolism @ Polyketide sugar unit biosynthesis
@  Cysteine and methionine metabolism Purine metabolism
@ Drug resistance @  Pyrimidine metabolism
@ Fatty acid metabolism ®  Serine and threonine metabolism
Histidine metabolism ®  Sulfur metabolism
®  Lipid metabolism ® Terpenoid backbone biosynthesis

Figure S5: Module completeness heatmap of 100 E. coli genomes. Despite the overall similarity in
central carbon, vitamin, and amino acid metabolism expected among E. coli genomes, even small
differences in the metabolic potential can be easily identified using the heatmap. For example, note the
differences in module completeness in pathogenicity-related modules (green box) and aromatic compounds
metabolism (black box). These small differences can serve as differentiating factors even between close
relatives.
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Figure S6

Note the high similarity in metabolic pathways exhibited by all E. coli genomes analyzed. Such plots can

easily reveal differences in pathway presence/absence among the genomes being compared. In the specific

case of E. coli genomes, not many differences are evident due to overall similar metabolic potential encoded

in most genomes.
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Figure S7: Multi-dimensional scaling ordination of annotation matrix distances. The distance between
annotation summary matrices for £. coli genomes showed that the two modes of Microbe Annotator recover
similar KO-based summaries similar to those obtained using DRAM. Prokka and RAST tend to recover
different modules highlighting the advantage of using multiple annotation tools and incorporating their
results into MicrobeAnnotator.
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Figure S8: Heatmap of module completeness of 78 Candidate Phyla Radiation MAGs and SAGs. The
heatmap shows some conservation in primary metabolism, including glycolysis, pentose phosphate cycle,
and biosynthesis of nucleotides among the CPR genomes. Some genomes also encode the potential for
Glycogen degradation/biosynthesis, isoprenoid biosynthesis, and formaldehyde assimilation. The most
striking pattern is the lack of many modules or the low completeness of those recovered in most genomes,
reflecting a possible limited metabolic versatility or a high degree of MAG and SAG incompleteness.
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