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Outline

 Lecture
 Introduction to taxonomic and functional annotation databases
« Pairwise alignment vs. HMMs
« Caveats of assigning function

e Case studies

* Practical
« Evaluate bins
» Taxonomically classify MAGs
« Functionally annotate MAGs
» Create a representative bin set



Annotation

>NG502_T1_k141_14455

TCGCTTCGTCTGTTGTAAAATGAAAGTGCTCTTGCATGTGAACTCTCCTT
TTGAATGTTTGGTAGCACTTTCATTTTAAAGGAGATCCTTCATGCAAGGG
CTATTTTTATACTTATCTCATTTTATCTAGCACCACGGGTAAAGTTTGTT
TTTCAACCTGCGGAAGAAAGCACTGATGAATATGGATTGTCAGGATCACC
ATATATGATTCGGGCAGGCGTATATGACCATGTAGATGCCGCCATCGCCT
TGCATATGTGCCCATGGCTTCCGGTCGGAGCTGTTCAAATCAATGATGGC
TACAGTATGGCAAATGTGGATGTGTTTCGAGGGAAAATTTATGGTACAGG
CGGCCATGGAGCTTACCCTGAACTTGGAACAGATCCGATTTGGATGCTTG
GTCCAGTGATGCAAGCTTTGTATGGAATCACTTCACGCAAAGTCTCTTCA

fna, .fa, .fasta — nucleotide

>NG502_T1_k141_14455_1 # 205 # 969 # 1 # ID=1_1;partial=00;st
tif=AGGA;rbs_spacer=5-10bp;gc_cont=0.437
MIRAGVYDHVDAAIALHMCPWLPVGAVQINDGYSMANVDVFRGKIYGTGGHGAYPELGTD
PIWMLGPVMQALYGITSRKVSSLDAAVISIGRIQAGSASNIIPTEVFIEGTMRSYTPEVR
DLLELELKKAFSIVGNLGGSYSLHVERGEPALNNHSVVNRWITKTVSEIYPDFQIVKKPF
GLGGEDFGYVSQKIPSSLFFLGCAIQDGVKRELHTPIFDIDEACLPIGTAILAQTVVHFL
NGKVSLSANEMLEVx*

>NG502_T1_k141_14455_2 # 974 # 2038 # 1 # ID=1_2;partial=00;s
0tif=GGAGG; rbs_spacer=5-10bp;gc_cont=0.412
MVHKLALIGFGVVGQGLVEILLNKQEKLQKEEGFEAVVVAISDLMKGSIYHPDGLHLETV
| KVI KFTGNTENYPDVPGTTKGWNDSFKTTRFTNADTTVFVSYTNDVKTGOAPATNDHCKAAFF

.faa — amino acid

Prodigal:
predict protein-coding genes


https://github.com/hyattpd/Prodigal

GTDB-Tk:

Taxonomic
annotation

GTDB-Tk: a toolkit for assigning
objective taxonomic
classifications to bacterial and
archaeal genomes.

& ecogenomics.github.io/GTDBTk/

M@l NCBI ID, organism...

*** GTDB Release 207 is now available 8 download files ***

*** Now published: GTDB-Tk v2: memory friendly cla

BACTERIA (311,480)

sPeciEs (I, 62,291
GENUs I, 15,342
FAMILY [ 3,614
ORDER [l 1,439
CLASS [l 425
PHYLUM [ 148

Welcome to GTDB

GENOME TAXONOMY DATABASE

402,709 genomes
Release 08-RS214 (28th April 2023)

18 [l PHYLUM
52 [l CLASS
132 [l ORDER
THE UNIVERSITY g
OF QUEENSLAND ge—————————————
ARCHAEA (6,062)



Taxa (%)
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Phylum Class Order Family Genus Species
181 548 1,772 4,772 20,739 85,205

~ Exclusively MAGs and/or SAGs
" Exclusively isolates
N Isolate and environmental genomes

NCBI
GenBank

O Phylum

OCClass

Colors indicate borders of:

O Order

QO Family

O Genus

O Species



This is normal:
d__Bacteria;p__Verrucomicrobiota;c__Kiritimatiellia;o__SS1-B-03-39;f__UBA6053;9_ UBA6053;s_

Taxa encompassing the largest number of genomes in the GTDB is given for each taxonomic ranks.

Phylum Class Order Family Genus Species
Pseudomonadota Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia Escherichia coli
174,676 150,865 80,364 80,364 34,358 33,849
_ Klebsiella
Bacillota 74.157 Bacilli 74157 Lactobacillales Staphylococcaceae Staphylococcus eurmoniae
' ' 38,051 20,155 19,627 ;
14,975
Actinomycetota Pseudomonadales Streptococcaceae Streptococcus Staphylococcus
y Clostridia 33,352 P P apnyloc
33,994 27,546 19,088 18,492 aureus 14,959
Bacillota A 33495 T . Staphylococcales Pseudomonadaceae Klebsiella Salmonella
3 1 ' g ‘ 20,270 14,789 18,145 enteriia 13,832
78.5% of sequenced 8.4% of sequenced
genomes belong to genomes are the

four phyla species E. coli



Accession

NCBI organism
name

NCBI taxonomy

GTDB taxonomy

GCA_000008525.1

Taxonomy

Helicobacter
pylori 26695

d__Bacteria; p__Proteobacteria;
c__Epsilonproteobacteria;
o__Campylobacterales;
f__Helicobacteraceae; g__Helicobacter;
s__Helicobacter pylori

The table below shows the parent taxa of the selected taxon as they appeared in specific releases.

Release Domain

d__Bacteria
d__Bacteria
d__Bacteria
d__Bacteria
d__Bacteria
d__Bacteria

d__Bacteria

d__Bacteria

Phylum
p__Bacillota_B
p__Firmicutes_B
p__Firmicutes_B
p__Firmicutes_B
p__Firmicutes_B
p__Firmicutes_B
p__Firmicutes_B

p__Firmicutes

Class

c__Desulfotomaculia

c__Desulfotomaculia
c__Desulfotomaculia
c__Desulfotomaculia
c__Desulfotomaculia
c__Desulfotomaculia
c__Desulfotomaculia

c__Desulfotomaculia

Order

o__Desulfotomaculales

o__Desulfotomaculales
o__Desulfotomaculales
o__Desulfotomaculales
o__Desulfotomaculales
o__Desulfotomaculales
o__Desulfotomaculales

o__Desulfotomaculales

d__Bacteria; p_Campylobacterota;

c__Campylobacteria; o__Campylobacterales;

f__Helicobacteraceae; g__Helicobacter;

s__Helicobacter pylori

Lost in literature — check GTDB for historic name

Family

f__Desulfotomaculaceae

f__Desulfotomaculaceae
f__Desulfotomaculaceae
f__Desulfotomaculaceae
f__Desulfotomaculaceae
f__Desulfotomaculaceae
f__Desulfotomaculaceae

f__Desulfotomaculaceae

Genus

g__Desulfotomaculum

g__Desulfotomaculum
g__Desulfotomaculum
g__Desulfotomaculum
g__Desulfotomaculum
g__Desulfotomaculum
g__Desulfotomaculum

g__Desulfotomaculum



Functional annotation

Contigs

—

bulk level
metabolic potential

NO > NH, SO/

red. OX. red.

CH, N

Wngl
OX. *a// o

genome level
metabolic potential




There are lots of databases to choose from...

« Kyoto Encyclopedia of Genes and Genomes (KEGG)

« EggNOG

+ UniRefa0 |#5 KBase
» RefSeq, RefSeq viral

« UniProt

* Tigrfam

« Pfam

» Specialised — HydDB (hydrogenase), CAZy (Carbohydrate-Active
enZYmes), MEROPs (peptidases),


https://www.kegg.jp/
http://eggnog5.embl.de/
https://www.kbase.us/

KEGG integrates et
functional annotation 6
into biological pathway

Denitrification:

Metabolism

Global and overview maps
01100 Metabolic pathways (404)
01110 Biosynthesis of secondary metabolites (170)

01120 Microbial metabolism in diverse environments (137)

01200 Carbon metabolism (54)

01210 2-Oxocarboxylic acid metabolism (22)
01212 Fatty acid metabolism (18)

01230 Biosynthesis of amino acids (66)
01232 Nucleotide metabolism (15)

01250 Biosynthesis of nucleotide sugars (19)
01240 Biosynthesis of cofactors (81)

Nap&B

oo

Nitrite NS | Nitric oxide Nitrous oxide Nitrogen

ORTHOLOGY: K00376 PR
| Help ]

01220 Degradation of aromatic compounds (31) Entry K00376 KO
Carbohydrate metabolism Symbol nosz
00010 Glycolysis / Gluconeogenesis (20) . .
00020 Citrate cycle (TCA cycle) (14) Name nitrous-oxide reductase [EC:1.7.2.4]
00030 Pentose phosphate pathway (10) Pathway map00910 Nitrogen metabolism
00040 Pentose and glucuronate interconversions (2) map01100 Metabolic pathways
00051 Fructose and mannose metabolism (5) . . . . . .
00052 Galactose metabolism (1) map01120 Microbial metabolism in diverse environments
00053 Ascorbate and aldarate metabolism (3) Module M00529 Denitrification, nitrate => nitrogen
00500 Starch and sucrose metabolism (10) - K . K K
00520 Amino sugar and nucleotide sugar metabolism (13) Reaction |R02804 nitrogen:ferricytochrome-c oxidoreductase (N20-forming)
00620 Pyruvate metabolism (25) Brite KEGG Orthology (KO) [BR:ko00001]

00630 Glyoxylate and dicarboxylate metabolism (20)
00640 Propanoate metabolism (11)
00650 Butanoate metabolism (14)
00660 C5-Branched dibasic acid metabolism (2)
00562 Inositol phosphate metabolism (3)

Energy metabolism
00190 Oxidative phosphorylation (32)
00710 Carbon fixation in photosynthetic organisms (8)
00720 Carbon fixation pathways in prokaryotes (13)
00680 Methane metabolism (13)
00910 Nitrogen metabolism (9)
00920 Sulfur metabolism (16)

09100 Metabolism
09102 Energy metabolism
00910 Nitrogen metabolism
K00376 nosZ; nitrous-oxide reductase
Enzymes [BR:ko01000]
1. Oxidoreductases
1.7 Acting on other nitrogenous compounds as donors
1.7.2 With a cytochrome as acceptor
1.7.2.4 nitrous-oxide reductase
K00376 nosZ; nitrous-oxide reductase




METABOLIC

https://github.com/AnantharamanlLab/METABOLIC

METABOLIC-G

Input Files

Self annotated
proteins (.faa)

Metagenome
assembled
genomes (.fasta)

Input Proteins

HMMer

Prodigal

\J
|

—

MEROPs
E

= | o
R e

Custom
METABOLIC
HMM

~-- T -
TIGRfam dbCan2

| Motif Validation Step}

KEGG identifier

y

protein collection

Excel Result Table

Presence/Absence HMM
| Table Presence/Absence and
p LN Hits Table
KEGG Module Step 1]
! Presence/Absence Table Functional Trait
@ : Presence/Absence
KEGG Module Table
Yesp-  Presence Absence
Table
J
1%
=
T
'é Element Cycling
g Each HMM hit METABOLIC Pathways

Diagram



https://github.com/AnantharamanLab/METABOLIC

Method: Pairwise

Basic Local Alighment Search Tool
BLAST+ 2.15.0 is here!

We have included two exciting new features in the latest
BLAST+ release

BLAST finds regions of similarity between biological sequences. The
program compares nucleotide or protein sequences to sequence
databases and calculates the statistical significance. Learn more

Tue, 28 Nov 2023

More BLAST news...

Web BLAST

(= L7

/



Method: Pairwise

& Download v Graphics

P4201_109_bin90_k141_53671_1 1936,2029
Sequence ID: Query_99571 Length: 94 Number of Matches: 1

Range 1: 1 to 94 Graphics

Score Expect Identities Gaps Strand
174 bits(94) 5e-48 94/94(100%) 0/94(0%) Plus/Plus

Query 1 AAATGTTGCGATGAAGCACCTGACTCCCGAAAAGAAGCACCTGACCCCCAAAAATGATTC 60
shict 1 AMTETTCLMAMUALTAGLLAMEMSAL T ALLLLAAMATEATL 60

Query 61 TCGATCAGAAAAATGTTGCGATGAAGCACCTGAC 94

Shict 61 TCOATCAGAAAATGTTELSATEAARCALLIGAL  oa

* Find related or similar sequences by comparing two sequences



Method: Pairwise

& Download v GenBank Graphics

Yponomeuta plumbellus genome assembly, chromosome: 10
Sequence ID: 0X371201.1 Length: 22918849 Number of Matches: 1

Range 1: 21903219 to 21903263 GenBank Graphics

Score Expect Identities Gaps Strand
58.4 bits(31) le-04 41/45(91%) 3/45(6%) Plus/Plus
Query 17 TGAGAAA-GG—-C—-AAATGAGAAAGGGACGAAATGAGAAAGGGACG 58

Shict 21003219 TCAGAAAGGALGATATCACAAAGSCALCAMATCAGARAGGALE 21903263

« Slow (which large volumes of data)

« Database errors / misannotated sequences — annotations are often given by the submitter
 Homology # same function



Hidden Markov models (HMMSs)

590 600

Multiple sequence alignment —
build a consensus and detect
regions of similarity

Use structural and mechanistic
iInformation (catalytic sites)

Generate profiles using hidden
Markov models (HMMSs)

More sensitive than pairwise
Homology # same function

P001820.1 1515 # 1721436 #
QTKX01000001.1_1880 # 18317(
CP061474.1_2708 # 2708724 # 2
JADDIU010000002.1_90 # 77202
JAGGRA010000022.1_137 # 1273
FOJS01000005.1_105 # 89279 # ¢
LT629731.1_1700 # 1828181 # 1
LT629731.1_1236 # 1375912 # 1
JABJUQ010000007.1_1912 # 187:
RHNU01000019.1_40 # 40702 # ¢
CP049703.1_1558 # 1596680 # 1
PVNE01000040.1_3 # 5649 # 746
RHNT01000030.1_6 # 5469 # 77¢
BJDN01000035.1_5 # 3283 # 532.
RKLX01000004.1_37 # 44762 # 4
SLUL01000001.1_44 # 43903 # 4
CP012034.1_1205 #1155810# 1
CP012602.1_2085 # 2263430 # 2
CM002692.1_558 # 571722 # 57¢
JQMR01000001.1_991 # 1063335
PVNE01000006.1_92 # 97439 # 9
RSFW01000015.1_107 # 96368 #
LXMA01000038.1_163 # 131708
BDGB01000034.1_19 # 16914 # 1
FXTI01000004.1_86 # 80836 # 8:
URPV01000016.1_22 # 22364 # 2
FOOK01000048.1_2 # 5254 # 75¢
FPBV01000001.1_76 # 86853 # 8!

2

AUMMO01000010.1_29 # 36455 #
BAMNO01000039.1_2 # 1004 # 33(
CAAFUD010000122.1_1 # 254 # .
CAJLUB010000061. # 230 # 2«

10
PGVE01000053.1_62 # 55921 #5
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Hidden Markov models (HMMs

Geobacillus stearothermophilus
Neisseria meningitis

Cupriavidus necator

Sphingomonas wittichii
Gammaproteobacterium HdN1
Candidatus Methylomirabilis oxyfera

Chlorobi bacterium OLB7
Bacteroidetes bacterium OLB12
Flavihumibacter sp. ZG627
Ansinibacterium sp. OR43
Algoriphagus mannitolivorans
Mariniradius saccharolyticus
Indibacter alkaliphilus
Cecembia lonarensis
Muricauda ruestringensis
Arenibacter akgicola

Candidatus Methylomirabilis oxyfera
Candidatus Methylomirabilis sp.
Polyangiaceae bacterium
Acidobacteria bacterium
Acidobacteria bacterium
Magnetovibrio blakemorei
Gammaproteobacterium HdN1

Globobulimina sp.
Globobulimina sp.
Nonionella stella Nor_I
Nonionella stella Nor_II
Nonionella stella Nor_III

nionella stella/Bolivina argentea Nor_IV

Gomaa et al., Sci. Ad. (2021)
DOI: 10.1126/sciadv.abf1586

No species assignment Nor_V

3?3 3?7 3?1 895
LAHYYTEPDSEFG VPDTI
TARYTVEGQGEYG AADLI
TAHYTVEGQK G FGBbVV
TAHYTVEGQSEYG FGBVV
TAHYTVEGQT G FGBVV
VAHY RAEP GK G PGBDAV

TVHDFVGFVNEFG VGGAL
TVADFVGFVNEFG IGGSI
TVHDFVGFVNEFG IGGSL
TVHADFVGFVHEFG AGGAV
TVHDFVGFTSEFG VGGSL
TVHADFVGFTNEFG VGGSI
TVHADFVGFTKEFG VGGAV
TVHDFVGFTKEFG VGGAV
TINEFVDYLGEFG IGACL
TINEFIDYLGYFG IGACV

GAEDFVGGGPGEA IGGVV
GAEDFVGGGPGES IGGAV
SAEDFIGGGPGEA IGGMV
SAEDFVGGGPARG IGGTYV
SAEDFVVADGSTA 1IGGVV
GATDFV---RPFG LGGAV
AAWDFV---KPFG IGIAV

CSVDVV---RPGG VGGHI
CAIDFV---RPLG FGGHI
CAIDFVTIGGGMD IGGHL
CAIDFVTLGGGMD IGGHL
CAIDFVTLGGGMD IGGHL
CAIDFV-QVNGKI LGGHL
CASDFV---RPFG AGGLV

(1|
VvV
VvV
VvV

IV

IV

VI
VI
\AY)
V1
\AY)
VvV
VvV
VvV
vV
VvV

N1
NI
TV
TV
VvV
VvV
VvV

A
VvV
VvV
VvV
VvV
VvV
VvV

5?8

LWv
LWV
LWV
LWV
LWV
Lwv

WAEA F
WAEAF
WAEA F
WAEA F
WVIEA F
WVIEA F
WVIEA F
WVIEA F

WVIEA F

WVIEVT
WVIEVT
WVIEVT
WVIEVT
WVIEVT
WVIEVT
WVIEVT

5?2
GI
GF
GF
GI
GF
GF

AF

VT
VT
VT
VT
VT
VT
VT

Quinol binding site

Catalytic site

NorZ

Nor-related

Nod-like

Foram Nod-related



“Homology creep”

Research article & OpenAccess () @

Function-driven single-cell genomics
Tanja Woyke )%, Jessica Jarett

First published: 28 January 2015 | https://doi.org/10.1111/1751-7915.12247 | Citations: 12

“While all these sequence-based methods have enabled tremendous progress
iIn microbial ecology, they have also inadvertently given rise to an era of
homology creep; one of today's key challenges is the slow pace of functional

validation, which continues to lag further and further behind the rate of
sequencing.”




« Case study 1: The genes I'm interested in aren’t in a database

« Case study 2: I’'m sure the microbes are doing it, but | can’t find
the genes



Geomicrobiology (Hubert Lab) Research

UNIVERSITY OF

CALGARY

Microbiology for Oil Spill Preparedness in Canada’s
Arctic Marine Environment

Marine Microbial Biodiversity and Hydrocarbon Seep

Detection

Challenges and Opportunities in Petroleum
Microbiology: the reservoir microbiome




Aerobic Degradation Anaerobic Degradation

Alkanes

The genes I'm
Interested In aren't
In a database:

2k
2O 2[H]
Ethylbenzene
dehydrogenase

Ethylbenzene (g qa/cmaa)  1-Phenylethanol

> Fumarate
COO
Benzylsucclnate
synthase

Benzene/Toluene  (BssA/IbsA)  Benzylsuccinate

|
degradation
Fumarate
COO
2 Meth | NaphthyI-Z-methyIsuccinate

hydrocarbon

naphthalene 2-| Naphthylmethyl
-succinate synthase

(NmsA)

Aromatic Hydrocarbons

pathways

colecoa

@ Benzene ©/

carboxylase

Benzene (AbcA) Benzoate
COz/HCO3

Naphthalene ~/
carboxylase

Naphthalene (K27540) 2-Naphthoate




Varada Khot

Jackie Zorz

Daniel Gittins

Alex Paquette

METHODS article

Front. Microbiol., 07 January 2022
Sec. Microbial Physiology and Metabolism
Volume 12 - 2021 | https://doi.org/10.3389/fmicb.2021.764058

CANT-HYD: A Curated Database of Phylogeny-
Derived Hidden Markov Models for Annotation
of Marker Genes Involved in Hydrocarbon
Degradation

Varada Khot!' ‘ Jackie Zorz!' Daniel A. Gittins? ﬁ Anirban Chakraborty?*

a Emma Bell? Maria A. Bautista? Alexandre J. Paquette! Alyse K. Hawley*

Breda Novotnik? ‘ Casey R. J. Hubert? & Marc Strous! e Srijak Bhatnagar®"™

! Energy Bioengineering and Geomicrobiology Group, Department of Geoscience, University of Calgary, Calgary, AB, Canada
2 Energy Bioengineering and Geomicrobiology Group, Department of Biological Sciences, University of Calgary, Calgary, AB,
Canada

HOW IT ENDED



“Experimentally verified” — amino
acid sequences from published
studies with experimental proof
of the intended function.
“Experimental proof” — gene
cloning or protein purification and
corresponding enzyme assays,
or gene knockout studies.
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w utilizing monooxygenase superfamily Bootstrap values
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« Case study 1: The genes I’'m interested in aren’t in a database

« Case study 2: I’'m sure the microbes are doing it, but | can’t find
the genes



I’'m sure my microbes are doing it...
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I’'m sure my microbes are doing it...
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N,OR microorganisms are taxonomically diverse

Tree scale: 0.1 ————

e Cladell:

e Cladell:

Phylogenetic tree of Clade | (typical)
and Clade Il (atypical) NosZ:
modified from Chee-Sanford et al.,
J. Microbiol. Methods (2020) 172

« Clade Il H:

r————

I
| N.O — N2|

I Nos I
Well-studied Proteobacteria
Phylogenetically diverse
Twelve bacterial and

archaeal phyla (to date)

Firmicutes



Clade Il microorganisms have distinct

Brevibacillaceae (1)
Brevibacillaceae (2)

Neobacillus thermocopriae
Calidifontibacillus erzurumensis

Geobacillus thermodenitrificans

Cellular localisation: PSORTDb

NoOs gene clusters

DD D>
DETTDEED DT >
*genes conserved in Clade |l
microorganisms

Transmembrane helices: DeepTMHMM

r————

I Nos |
cytc nosZ nosB
nosD nosY nosF

B nosL Sec/SPII gNOR




Nitric oxide
reductases evolved
from oxygen
reductases

cNOR = in database (mostly
Proteobacteria)

gqNOR = annotated as cNOR
bNOR = experimentally verified
(not in database)

eNOR = newly experimentally
verified in this paper

proposed

Murali et al., (2021)
heme-copper oxidoreductase (HCO) superfamily doi: https://doi.org/10.1101/2021.10.15.464467



nNOR
Thermomicrobium sp002898255 GBD20489 .1

Sedimenticola selenatireducens WP_084609916.

Sedimenticola selenatireducens PLX61751 .1
Rhodocyclaceae bacterium UTPRO2 0QY64980.1

Sulfurimonas auh%yppic'} WP_013326534.

Ignavibacteria bacterium GWA2_36_19 OGU38604.1
Ignavibacteria bacterium CG2_30_36_16 0IP63421.1
candidate division WOR-1 bacterium OGW14262 .1
candidate division WOR-1 bacterium ogC04573.1

sNOR
Bacteroidetes bacterium 37-13 0JV27025.1

Geobacillus sp. WP_023634191.
Rhodanobacter denitrificans WP_015448124.
Nitrosococcus halophilus WP_013031504.
Thioalkalivibrio sp. ALRh WP_019592254.

bNOR

Salinicoccus gingdaonensis WP_092985759.
Salinicoccus sp. YB14-2WP_092985759.
Jeotgalicoccus psychrophilus WP_026860023.
Virgibacillus dakarensis WP_088049698.

Sporosarcina sp. HYO08 KXH87068 .1

Sporosarcina ureilyticawp_075529285.
Bacillus sp. FJAT-27445wp | ' 059173536.
Bacillus sp. EBO1yp | ' 043932172.

Thalassobacillus cyrigp 093046123 .
Neobacillus batawens:s” 007083088

eNOR

Rhodothermus marinus WP_012842681.
Alicycliphilus denitrificans WP_013520406.
Candidatus Kryptonium thompsoni WP_075426648.

Bacteroidetes bacterium OLB11 XXK43645.1
Gemmatimonadetes bacterium SCN 70-22 opT01569.1

Black: conserved proton channels

Red: active site
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H233 N237 Y240 Y248 H281 $309 T312

FWAFGHTLVNVWYLVAVSAWYLVVPKVI--GGKLF-SDSLARAVVILIVVLNVPGGFHHQIV-DPGFTEGLKFMHL- FMSLATAVPSLL-TAFALFATLERTGRRRG-G-KGLLGWFWKL
FWAFGHTLVNVWYLVAVSAWYLVVPKVI--GGKLF-SDSLARAVVILIVVLNVPGGFHHQIV-DPGFTEGLKFMHL- FMSLATAVPSLL-TAFALFATLERTGRRRG-G-KGLLGWFWKL
FWSFGHTLVNVWYLVAVSAWYIVLPKVI--GGKIF-SDSLARLVVILIVILNVPGGFHHQIV-DPGFTEGLKFMHL~ FMSLAIGFPSLM-TAFALFATLERAGRNKG-G-KGLFGWFFKL
FWSFGHTLVNIWYIVATSAWYVVVPKII--GGRVF-SDKLARLVVVLLVILNIPGGFHHQII-DPGISESVKFLHV-FMSISIAFPSLM-TAFAMFAVFERAGRKLG-G-KGLLGWFKKL
FWSFGHTLVNIWYLTAVSAWYTIVPKII--GGRRF-SDTLTRVVVILLVITNIPGGFHHQIV-DPGMGEALKYMHV-FMSLAIGFPSLM-TAYAMFSVFERTGRLKG-G-KGLLGWFKKL
FWSFGHTLVNIWYLTAVSAWYVIVPKII--GGKRF-SDTLTRVVVAMLVITNIPGGFHHQIV-DPAMGPALKYMHV- FMSLSIAFPSLM-TAFAMFYVFERTGRAKG-G-KGLFGWLKKL
FWAFGHTLVNIWYLTAVSAWYVIIPKLM--GGRRW-SDTLTRVVIIALVVMNITGGFHHQIV-DPGITESVKFMHV-FMSLAIGFPSLM-TAYALFAVFEKTARRNG-G-KGILGWYKKM
FWAFGHTLVNIWYLTATSAWYVVIPKLM--GGKRW-SDTLTRVVIISLVVMNITGGFHHQIV-DPGISEAVKYMHV-FMSLAIGFPSLM-TAYALFATFEKTARRNG-G-KGLVGWYKKM
FWAFGHTLVNIWYMTAISAWYVFVPKII--DGRRW-SDMLTRIVVIALVIMNITGGFHHQII-DPGISESVKYMHV-FMSLAIGFPSLM-TAYAMFAVFEKTARKKG-G-RGLVGWYKKM
FWAFGHTLVNIWYLTAVSAWYVIVPKII--SGKRW-SDTLTRVVIIALVVMNITGGFHHQIV-DPGISPSVKFMHV-FMSLAIGFPSLM-TAWNAMFAVFERTARKQG-G-KGLIGWYKKM

H2410Q245 N247 Y256 Y280 H290 S318 H321
YWIIGHGSQQINLAAMITVWYFLTHVVG--GAEVV-SEKLSRTAFILYLFFINMGAAHHLLA-DPGVHMSWKHWNTSYAVYGAVLASMI-HAFAI PAGLEAGRRKRGLGSQGLFGWLWSA

WWAFGHSSQOINVAAHISIWYAVAAIAF--GAKPM-SERVSRGAFLLYILFLOLASAHHILA-DPGVSTEWKIVNTSYFMYFAVLGSMI -HALSI PGAMEVAQRAKGYN-KGLFEWLRKA
FWGFGHPAQQINLAAMVSVWYLLSYFTV--GGVTP-SEKVSRTAFLLYVLFINAGSAHHLLV-DPGFGAPWKIFNTSYVIYMAVLASLI -HCFAIPASAEIGQRKRGFN-KGLFTWLIKA
WWGLGHSSQOINVAAMVSIWYMVSFLAV--GGTSI-NEKVSRSAFVLYILFICLASAHHLLT-DPGVSSAWKVWNTSYAMYLAVLASMI - HAFAVPSSFESAQRRWGYN-KGLFEWLSKA
WWGLGHSSQOINVAAMVAIWYMLAALTV--GGVVL-NEKVSRSAFVLYILFISMASAHHLLV-DPGFGPAWKIVNTSYFMYMAVLASMI - HGFTVPAGMELGMRLRGYT -DGLFGWLRRA

Murali et al.,
do

(2021)

i: https://doi.org/10.1101/2021.10.15.464467



« Multiple sequence alignment and phylogenetic tree
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« Multiple sequence alignment and phylogenetic tree

sNOR - found in both Bacteria and Archaea
bNOR - only found in the Bacilli
gNOR — many Clade Il (lacks C subunit)
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,O production et =y
and consumption N
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« Complete denitrification
(clade Il) in diverse
environments
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« Cultivation needed to
demonstrate the relevance
of different nitric-oxide
reductase
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 Introduction to taxonomic and functional annotation databases
» Pairwise alignment vs. HMMs
« Caveats of assigning function

e Case studies

* Practical
« Evaluate bins
« Taxonomically classify MAGs
 Functionally annotate MAGs
» Create a representative bin set



