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Outline

- Why we are interested in biofilms

- How we study and understand biofilms
- Growth
- Imaging
- Transcriptomics

- Impacts of biofilms on nitrification inhibition
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How do AOA grow in the environment?




Majority of prokaryotes might exist as biofilms

Bacteria and archaea on Earth and
their abundance in biofilms

Hans-Curt Flemming®'** and Stefan Wuertz'-**

Single sessile cell

humans, animals and the phyllosphere, account for fewer cells by orders of magnitude. Biofilms %Tlcmd“mr
dominate in all habitats on the surface of the Earth, except in the oceans, accounting for ~80% of ) '
bacterial and archaeal cells. In the deep subsurface, however, they cannot always be distinguished M ERYEcOSIaRn.

Chasmoendoliths @

from single sessile cells; we estimate that 20-80% of cells in the subsurface exist as biofilms.
Hence, overall, 40-80% of cells on Earth reside in biofilms. We conclude that biofilms drive all

biogeochemical processes and represent the main way of active bacterial and archaeal life. Plankiontc ‘
cell

Euendolithic
organisms

Epiliths

Flemming, H. C. & Wuertz, S. Bacteria and archaea on Earth and their abundance in biofilms. Nat. Rev. Microbiol. 17, 247-260 (2019).



100% in soil?

Bacteria and archaea on Earth and
their abundance in biofilms

Hans-Curt Flemming®'** and Stefan Wuertz'-**

Table 1| Total and biofilm numbers of bacterial and archaeal cells in the most relevant habitats on Earth

Single sessile cell

Total Earth 1.2x10% On surface of Earth: 3.5 x 10%; deep Total numbers estimated
subsurface: large but as yet unknown,  from values below (see
ranging from 4.9 10* to 9.1 x 10" Supplementary Box 1 for .
additional calculations) ; 4 Microcluster
Deep oceanic 4% 10" Most cells attached, either single or REE" (additional " 3
subsurface® in clusters; 20-80% in biofilms based references 101857y
on microscopic and biogeochemical Cryptoendoliths
evidence q
Deep continental 3Ix10% Most cells attached, single and REE" (additional Chasmoendoliths
subsurface? micraclusters: 20-80% in hiofilms reflerences o141 IBA0EL2Y)
based on microscopic and
biogeochemical evidence Planktonie ‘
Top 10-50 cm of 5x 107 5x 107 Calculated from REF.* cell
oceanic sediment®
— | Seil 3x10% 3% 10% REFS!
Openocean 1= 10 Large planktonic fraction, unknown REE" {used geometric mean of Euendolithic
numbers in marine snow, transparent  REFS? /1141 ; organisms d
exopolymer particles, gels, on mineral o,
and debris particles, microplastics, : Epiliths

e LY =

plants and animals ﬁ}- M

Flemming, H. C. & Wuertz, S. Bacteria and archaea on Earth and their abundance in biofilms. Nat. Rev. Microbiol. 17, 247-260 (2019).



Role of Biofilms in the environment

Habitat
formation

Matrix

* Architecture

* Stability

» Pores and channels

* Fills and forms the space
between the cells

* Localized nutrients and
waste

* 5kin formation

" Localized Sorption Enzyme retention
gradients
Provide habitat Resource  External digestion
diversity capture system

Review Article | Published: 11 August 2016

Biofilms: an emergent form of bacterial life

Hans-Curt Flemming B, Jost Wingender, Ulrich Szewzyk, Peter Steinberg, Scott A. Rice & Staffan

Kjelleberg

Nature Reviews Microbiology 14, 563-575 (2016) | Cite this article

Cooperation

Synergistic
micro-consortia

Competition

Continuous
regeneration

Tolerance and resistance

The biofilm as a fortress
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How do AOA grow in the environment?
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Questions

- Do AOA form biofilms?

- Are there physiological responses associated with biofilms?

- Does biofilm growth affect nitrification?



Setup — Borosilicate coverslip in liquid medium




acroscopically visible BF - ~2 months




Which Species?-A Classification Detour



Thaumarchaeaota
NCBI: Nitrososphaerota (phylum) Grouped by Orders

amoA

NP-0-2.2.2.1S
NP-0-2.2.4
NP-0-2.2.3
NP-o-2.2.1
NP-o-2.1
NP-o-1

NP-y-2.2 «—> Ca. Nitrosoarchaeum spp.

NP-y-2.1
NP-y-1
NP-y-3 Nitrosopumilus spp.

Ca. Cenarchaeum spp.

16S—-23S rRNA gene

Nitrosopumilales
(MG-I, Group I.1a)
SCGC AB-629-123

— —=l NP-B ,=>» Ca. Nitrosopelagicus spp.
< NP-5
— '<]r\ll\lplfn - Metagenomic bin CSP1-1 -
—‘ NP-g €--------~ ) )
L <] NP-C Ca. Nitrosotenuis spp.
—@ NT/NP-IS
NT-o Ca. Nitrosotalea spp. —— e Nionoialonies
NT_B (SAéMCG-L Group |.1a-associated)
| NT-y
NS-o € > Nitrososphaera spp.
NS-y
NS-B .
_ NS-5 < > Fosmid clone 54d9 1 (I\Slgéogzi,gfﬁsrales
NS-¢ '
NS-IS-1
NS-¢ € > Ca. Nitrosocosmicus spp.
_|1NC-OL < > Ca. Nitrosocaldus spp. —— Ca. Nitrosocaldales

16S-23S rRNA gene tree

Ultrafast SH-aLRT
bcaotstrapG D

@ >99%
© 295%

(HWCGIII, ThACA)
pSL12, MBG-A, Group |.1c
Hot Thaumarchaeota-related Clade
Ca. Geothermarchaeota (THSCG)

Ca. Aigarchaeota
Ca. Bathyarchaeota (MCG, Group C3/1.3)

Crenarchaeota

Ca. Geoarchaeota
Ca. Verstraetearchaeota
Ca. Korarchaeota

Euryarchaeota

How animals are classified

Domain (Damains)

Kingdom (Kingdoms)

Phylum (Phyla)

Class (Classes)

Order (Orders)

Ends with -ales

Family (Families)

Genus (Genera)

Ends with -aceae

© 2015 Encyclopzedia Britannica, Inc.



| - amoA Clades
* Ca. Nitrososphaera gargensis Ga9.2 ..
Ca Nitrosocosmicus franklandus C13
NS-0-3.2.1 ':‘ Ca. Nitrosocosmicus exaquare G61 *

Ca. Nitrososphaera sp. JG1-------=------ d 8 . -
* Nitrososphaera viennensis EN76" ... . i Ca. Nitrosocosmicus arcticus Kfb
* Ca. Nitrososphaera evergladensis SR1---"""" '

€ i /' (Ca. Nitrosocosmicus oleophilus MY3 *

-‘,1 S
- Ca. Nitrosocaldus cavascurensis SCU2 *
"--Ca. Nitrosocaldus yellowstonensis HL72

"~ Ca. Nitrosoarchaeum koreense MY1 *

..~ Ca. Nitrosoarchaeum sp. AOA-AC2
~Ca. Nitrosoarchaeum limnium SFB1 *
™ Ca. Nitrosoarchaeum limnium BG20 *

Major lineages

l:| NC (Ca. Nitrosocaldales)

I | NS (Nitrososphaerales)

.] NT (Ca. Nitrosotaleales) ﬂg
I | NP (Nitrosopumilales)
l:| NT/NP-incertae sedis

NT-0-1 ' Nitrosopumilus ureiphilus PSQT
i = kﬂ-—: | .»:’,‘Ca. Nitrosopumilus salarius BD31 *

* Ca. Nitrosotalea devanaterra Nd1--""""" = = " - .Ca. Nitrosopumilus sp. NM25

Ca. Nitrosotalea sp. Nd2-._ :'Nitrosopumi!us maritimus SCM1T*
::.-Ca. Nitrosopumilus piranensis D3C *
.- ..--Ca. Nitrosopumilus sp. NAOAG
o e ) ----Ca. Nitrosopumilus sediminis AR2 *
N Sypoos==ays Ca. Nitrosopumilus koreense AR1 *
"--:::: - "*~Ca. Nitrosopumilus adriaticus NF5 *
7 --Nitrosopumilus cobalaminigenes HCA1'
) _“Nitrosopumilus oxyclinae HCE1”
~Ca. Nitrosopumilus sp. NAOA2

Ca. Cenarchaeum symbiosum A *

NT/NP- :s/ C

* Ca. Nitrosopelagicus brevis CN25 -===---------

NP-n-1.1.1

* Ca. Nitrosotenuis cloacae SAT1-""""" of

NP-n-1.2.1 a5
* Ca. Nitrosotenuis chungbukensis MYE
Ca. Nitrosotenuis sp. AOA-DW 1% 9

— 5 B Unifying the global phylogeny and environmental

Ca. Nitrosotenuis sp. AOA-AC5

Nirosotenuis . &S distribution of ammonia-oxidising archaeabased on
| amoA genes

Ricardo J. Eloy Alves, Bui Quang Minh, Tim Urich, Arndt von Haeseler & Christa SchleperE
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Candidatus Nitrosocaldus sp. isolste QO bins. 88
Candidatus Nitrosocaldus sp. isolate SRBZ.bins. 174
Nitrosocaldus

Candidatus Nitrosocaldus sp. isolate Tumba bins. 72
Candidatus Nitrosocaldus
Candidatus Nitrosocaldus islandicus

A

Nitrosocaldaceae
(Thermophilic)

Nitrosopumilaceae
(Marine Group)

Nitrososphearaceae (Soill

Group)

How animals are classified

Domain (Domains) ‘

| Pk P |
I i |
o=« | Ends with -ales
| _=wese  |Ends with -aceae
[omn )]

2015 Encyclopadia Eritannica, Inc

*Genome Taxonomy Database (GTDB)
nomenclature (Rinke et al. 2021)
*Different than NCBI

A standardized archaeal taxonomy for the Genome
Taxonomy Database

Christian Rinkegr Maria Chuvochina, Aaron J. Mussig, Pierre-Alain Chaumeil, Adridn A. Davin, David W.

Waite, William B. Whitman, Donovan H. Parks & Philip Hugenholtz ™

Thermoproteota (phylum)

Grouped by family. Acidic soll
strains are now in the marine
group (family).

All AOA are in the order
Nitrososphaerales



NCBI

NP-y-2.2 «—> Ca. Nitrosoarchaeum spp.

amoA NP-y-2.1
NP-y-1
NP-y-3 Nitrosopumilus spp.

NP-c-2.2.2.1
NP-0-2.2.2.1S

Ca. Cenarchaeum spp.

165—-23S rRNA gene

GTDB

Non-AOA Thermoproteota

Thaumarchaeota archacon JOT9 —

Candidatus. Nitrosocaldus sp. isolate QQ.bins 88
Candidstus m "w. m‘ﬂ.l:.“lu Nitrosocaldaceae

.lmﬁ

16S-23S rRNA gene tree

Ultrafast SH-aLRT
bc:otstrapCl D

@ >99%
© 295%

M NP-0-2.2.4 [ ” .
Nitrosopumilales
NP-0-2.2.3 (MG-I, Grcf\).lp I.1a)
NP-¢-2.2.1 SCGC AB-629-123
———= NP-0-2.1
L <] NP-a-1 s
— —=] NP-B .-» Ca. Nitrosopelagicus spp.
—<] NP-5 .'
~=al] NP-6 M
S etagenomic bin CSP1-1 — -
—<<_] NP-n g
—<=@l] NP-g €---------
L <] NP-¢ Ca. Nitrosotenuis spp.
—-‘ NT/NP IS
NT-0 € > Ca. Nitrosotalea spp. —— )
NT-B Ca. Nitrosotaleales
(SAGMCG-1, Group |.1a-associated)
| NT-y
NS-o € > Nitrososphaera spp.
NS-y
NS-B )
| NS-5 < > Fosmid clone 54d9 f (’ggg"gﬁ)ﬁgf’ﬁf’ ales
NS-¢
NS-IS-1
NS-£ € > Ca. Nitrosocosmicus spp.
—IiNC'O‘ € > Ca. Nitrosocaldus spp. —— Ca. Nitrosocaldales

(HWCGIII, ThAOA)
pSL12, MBG-A, Group l.1c
Hot Thaumarchaeota-related Clade
Ca. Geothermarchaeota (THSCG)

Ca. Aigarchaeota
Ca. Bathyarchaeota (MCG, Group C3/1.3)

Crenarchaeota

Ca. Geoarchaeota

Ca. Verstraetearchaeota
Ca. Korarchaeota

Euryarchaeota

Nitrosopumilaceae
I Nitrososphaeraceae
g —

so/esoeydsosoiN



NCBI

P-y-2.2 «—> Ca. Nitrosoarchaeum spp.

amoA NP_Y_21 16S—-23S rRNA gene
NP-y-1
NP-y-3 Nitrosopumilus spp.
i e Ca. Cenarchaeum spp.
NP-0-2.2.2.1S
I NP-0-2.2.4 S Nitrosopumilales
NP-q-2.2.3 (MG-1, Group I.1a)
NP-¢-2.2.1 SCGC AB-629-123
———= NP-0-2.1
——] NP-a-1 b
—| ——=dll NP-B .-> Ca. Nitrosopelagicus spp.
—] NP-5 .'
< NP-0 Meta enomic bin CSP1-1 — -
= <] NP-n :
—4 NP-s S EEEEEREEE
Ca. Nitrosotenuis spp.
—-@] NT/NP IS
NT-0 € > Ca. Nitrosotalea spp. ——
NT-B Ca. Nitrosotaleales
(SAGMCG-1, Group |.1a-associated)
| NT-y
NS-o € > Nitrososphaera spp.
NS-y
NS-f N , ‘ Nitrososphaerales
| NS-8 > Fosmid clone 54d9 (SCG, Group |.1b)
NS-¢
NS-IS-1
NS-£ € > Ca. Nitrosocosmicus spp.
_|:NC-(X G > Ca. Nitrosocaldus spp. —— Ca. Nitrosocaldales

16S-23S rRNA gene tree

Ultrafast SH-aLRT
bc:otstrapCl D

@ >99%
© 295%

(HWCGIII, ThAOA)
pSL12, MBG-A, Group l.1c

Hot Thaumarchaeota-related Clade
Ca. Geothermarchaeota (THSCG)

Ca. Aigarchaeota
Ca. Bathyarchaeota (MCG, Group C3/1.3)

Crenarchaeota

Ca. Geoarchaeota
Ca. Verstraetearchaeota
Ca. Korarchaeota

Euryarchaeota

GTDB

Non-AOA Thermoproteota

Thaumarchaeola archaeon JOT9 —

Candidatus Nitrosocaldus sp. isolate GQ bins 88
Candidstus :m sp. Isolate SRBZBns.174  Njfrosocaldaceae

mmmmmn
Candid Ni i

Nitrosopumilaceae

Nitrososphaeraceae

Candidatus Nitrosocosmicus franklandus —

Nitrososphaerales mean very different things in the different classification systems.

so/esoeydsosoiN



G T D B https://gtdb.ecogenomic.org/

. GTDB species NCBI type
. NCBI organism . .

Accession hame NCBI taxonomy GTDB taxonomy representative material

d__Archaea; p__Nitrososphaerota; d__Archaea; p__Thermoproteota;

c__Nitrososphaeria; c__Nitrososphaeria;
GCF 000698785.1 I\{itrosos;-)haera o_N-itrososphaerales; o_N-itrososphaerales; Jes Jes

viennensis EN76 f__Nitrososphaeraceae; f__Nitrososphaeraceae;
g__Nitrososphaera; s__Nitrososphaera g__Nitrososphaera; s__Nitrososphaera
viennensis viennensis

GTDB species NCBI type
NCBI organism d e

Accession ame NCBI taxonomy GTDB taxonomy representative material

d__Archaea; p__Thermoproteota;
d__Archaea; p__Nitrososphaerota; - P ) P
i . i i . _ c__Nitrososphaeria;
Nitrosopumilus c__Nitrososphaeria; o__Nitrosopumilales;

GCF_000018465.1 o__Nitrososphaerales; yes yes

maritimus SCM1 f__Nitrosopumilaceae; g__Nitrosopumilus; ) ] ) )
) ) - f__Nitrosopumilaceae; g__Nitrosopumilus;
s__Nitrosopumilus maritimus

s__Nitrosopumilus maritimus



Nitrososphaeraceae

Nitrosopumilaceae

4 Ca. Nitrosomiracaea (UBA213)
S
& D
Nitrosocaldaceae o

- -Nitrososphaeraceae Centralia_MAG_167
Nitrososphaera sp. bin
I‘(‘Iut Nltroshosphaera’\%argensls Ga9.2
itrososphaera sp. i
Nitrososphaera sp. L.| E AR.1 NIthSOSthefG
Nitrososphaera sp. bin.7 NS alphaclade -a
Ca. Nitrososphaera evergladensis SR1
Nitrososphaera viennensis EN76

‘ Ca. Nitrosopolaris (TH5896)
4

Nitrososphaeraceae RBC_AOAL

Ca. Nitrosocosmicus sp. LS_| FP 2_bin.144

Nitrososphaeraceae YB3_2

Nitr ae LB3_1

Ca. Nitrosocosmicus arcticus kfb o o

Ca. Nitrosocosmicu ilusMY3 Nitrosocosmicus
Ca. Nitrosocosmicus sp. 48_S62

Ca. Nitrosocosmicus sp. 53 NS zeta clade -

Ca. Nitrosocosmicus sp. RS_b
Ca. Nitrosocosmicus franklandianus C13
Ca. Nitrosocosmicus hydrocola G61

TA-20

Nitrososphaerota Centralia_MAG_119
Ca. Nitrosotalea bavarica SBT1
Nitrososphaerota REEA
Nitrosotalea sinensis Nd2
Nitrosotalea devaniterrae Nd1
Nitrososphaerota REEAS
Ca. Nitrosotalea s| 48
Ea Nltrosotaiea ol cheonen5|s NCS1
a. Nitrosotalea sp. Martin2 H
Nitrososphaerota TA_9 N itroso talea
Nitrososphaerota REEA16 NT alpha clade - a
Nitrosopumilaceae JOPF002
Nitrososphaerota clean277
Nitrososphaerota REEA14
Nitrososphaerota REE,
Nitrososphaerota Centralla MAG_78
Nitrososphaerota REEAT(
- -Nitrososphaerota Centralia_MAG_109

Nitrosotenuis

PXYBO1
JAJIZTOL

A Cenarchaeum
—all) vrcs1

JACEMX01
Nitrosarchaeum

Nitrosarchaeum_A

Nil trosopumllaceae IBTHAUMO2
Nitrososphaerota APA_ bm _56
Nitrosopumilus sp. 2. _SF_Bin12
Nitrosopumilus sp. IP29b in.65
Nitrosopumilus sp. PfA

P is D3C
umilus koreensis ARL
b pumilus sp. SW SW
Nitrosopumilus maritimus SCM1
Nitrosopumilus sp. SFB3
Nitrosopumilus sp. DT_77
Nitrosopumilus sp. SuakinDeep_MAG45_8
Nitrosopumilus sp. LS_AOA
Thaumarchaeatu casp-thauma3
Nitrosopumilus sp. HM_N
Nitrososphaerota B12T1B11l
arine Group | thaumarchaeote L19a
Nitr p. ECS31AL
Nitr il zosterae NM25
Nitrosopumilus sp. b3
Nitrosopumilus adr/atrcus NF5

PSO P 5
iy s pinse  Nitrosopumilus
p. 13_July_SF_Bin28 NP gamma clade -y -2.1
Nitr p. 13_May_SF_Bin89
Nitr HKSTOZ
Ca. Nitrosopumi' us sp.adbblbsd
Nitrosopumilus sp. MH-Pat-all_metabat2_16
Nitrosopumilus sp. BACL13 MAG-121220-bin23
Ca. Nitrosopumilus limneticus AOA-LC4
- Nitrosopumilus sp. AH-558-J19
Nitrosopumilus sp. Nsub Nsub
Ca. Nitrosomarinus catalina SPOTO1
Nitrosopumilus sp. MED-G9:
Nitrosopumilus sp. ECS22A1
Nitrosopumilus sp. 8_1_Jan_SF_Bin66
Ca. Nitrosopumilus sediminis AR2
Nitrosopumilus cobalammrgenes HCAL
archaeon Dive96_bin2.279
Nitrosopumilus sp. NIOZ-UU
Nitrosopumilus sp. LakeHoarele MBin21
Nitrosopumilus oxyclinae H
Ca. Nitrosopumilus sp. 10_20180412_Bin_028
Nitrososphaerota OTU3
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Initial inoculation — N. viennensis

Mean growth of N. viennensiswith a coverslip
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First transfer of coverslip

Mean growth of N. viennensison coverslips

1500
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= 1000 Transfer
=
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Ammonia is oxidized faster — more cells in BF

Mean growth of N. viennensison coverslips

1500

1250

= 1000 Transfer
=1 — 0.25% inoculation
DN — Transfer(1
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750 — Transfer(z2
500
250
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0
0 24 48 72 96 120 Garden Soil
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Ammonia Is OX|d|zed faster — more cells in BF

Mean growth of N. viennensison coverslips
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Ammonia is oxidized faster — more cells in BF

Mean growth of N. viennensison coverslips
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Ammonia is oxidized faster — more cells in BF

Mean growth of N. viennensison coverslips
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Maximum reached

NG, [M]
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Initial inoculation - N. franklandianus

Mean growth of N. franklandianuswith a coverslip
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Even faster acceleration than N. viennensis

Mean growth of N. franklandianuswith a coverslip
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Even faster acceleration than N. viennensis

Mean growth of N. franklandianuswith a coverslip
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Maximum reached faster

Mean growth of N. franklandianuswith a coverslip
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Stable maximum

Mean growth of N. franklandianuswith a coverslip
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e
AQOA Growth as a Biofilm

A N. viennensis B N. franklandianus
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Initial inoculation - N. maritimus

Mean growth of N. maritimuson coverslips /7
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Longer lag phase
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Biofilm is formed slowly
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Maximum reached
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Unstable maximum
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AQOA Growth as a Biofilm
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Initial inoculation - N. piranenesis

Mean growth of N. piranensiswith a coverslip
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Very long initial lag phase

Mean growth of N. piranensison coverslips
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No acceleration
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Minimal biofilm formation

Mean growth of N. piranensison coverslips
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AQOA Growth as a Biofilm
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e
AQOA Growth as a Biofilm
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Biofilm Accumulation Rate — accounting for species
specific generation times

- ST (Standard time) = time required to produce 500uM of NO:for a planktonic
culture with a 5% inoculation volume

- BT (Biofilm time) = time required to produce 500uM of NOz2for biofilms after
every transfer

ST
Biofilm Accumulation Rate (BAR) = e
X
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AQOA Growth as a Biofilm
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Questions

- Is biofilm formation a common trait of AOA? YES

- Are there physiological responses associated with biofilms?

- Does biofilm growth affect nitrification?



AOA Growth as a Biofilm
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Growth Observed with Light Microscopy
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Growth Observed with Light Microscopy
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Two Attachment Strategies
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Two Attachment Strategies
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Scanning Electron Microscopy

N. viennensis N. franklandianus N. maritimus
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Physiology of Biofilms-Transcriptomics
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Biofilms Exhibit Distinct Transcriptomic Responses
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PC2 (14.8%)
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molecular chaperone HSP90 family



N. viennensis N. franklandignus

Protein Family Categorization

-ocus tag
NVIE_
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018560 protein of unknown function
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N. maritimus
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Species Specific Response in Up-Regulated Genes
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.
Common Up-regulated Protein Families

N. viennensis

- Multicopper Oxidases (MCOs)

- Transcription factors (TFBs)

- Nitrosoreductases

N. franklandianus N. maritimus
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Common Up-regulated Protein Families

N. viennensis

- Multicopper Oxidases (MCOQOs)

- Transcription factors (TFBs)

- Nitrosoreductases

N. franklandianus N. maritimus



Proteomics and comparative genomics of
Nitrososphaera viennensis reveal the core genome and
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Proteomics and comparative genomics of
Nitrososphaera viennensis reveal the core genome and
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.
MCOs May Modify Cell surface of Biofilm Cells

Speculative function
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NPIRD3C_0854 oxidation/reduction
Nmar_1667 -0.04 Nmar_1667

NADRNF5_0685
0.5 NADRNF5_0209



.
MCOs May Modify Cell surface of Biofilm Cells

Speculative function

. — NSIN_40172 LM
A S NADRNF5_1254 Cell surface Ctrl BF log2FC logTPM
* NFRAN_2029 - MCO3 ﬁ 3.16 NFRAN_2029 0
- modification
. NFRAN_2030 1514 3.17  NFRAN_2030
. -1 NADRNF5_0675
B — NFRAN_2432 60 45 0.13  NFRAN_2432
N (S NFRAN_2427 56 33 -0.22 NFRAN_2427 9
. r Nmar_1136 MCO2 14 1 0.11 Nmar_1136
. o NADRNF5_0227
NPIRD3C_0390
— - - - - - - = = = - Nmar_1354 2980 7730 1.88 Nmar_1354 18
— . NFRAN_2798 N detoxification ~ MCO4a 809 658 0.30 NFRAN_2798
=l NVIE_017730 | 3552 19968  1.80 NVIE_017730 l08FC
. NADRNF5_0577 6
. ——L _ NPIRD3C_2087 Cell surface el
D T NFRAN_2792 modification c NFRAN_2792
'°‘| : ,,,,,,,,,,,,, NVIE_019250 NVIE_019250 0
77777777777 NVIE_000600 57 113 NVIE_000600
|’*|: 77777 NVIE_026950 122 39 -1.34 NVIE_026950
M pE———— NFRAN_0604 113 155 1.01 NFRAN_0604
~ NPIRD3C_0376
7777777 Nmar_1663 4 6 0.90 Nmar_1663 8
i - NPIRD3C_0397 log2FC
- NADRNF5_1922 <1
- Nmar_1131 0.53 Nmar_1131 >1
NVIE_000530 0.40 NVIE_000530
. E— NFRAN_1409 -0.38 NFRAN_1409
. — NSIN_20632
. Nmar_1259 N NirK 505 352 0.04 Nmar_1259
NPIRD3C_0854 oxidation/reduction
Nmar_1667 2394797163418 | -0.04 Nmar_1667

NADRNF5_0685
0.5 NADRNF5_0209



.
Common Up-regulated Protein Families

N. viennensis

- Multicopper Oxidases (MCOs)

- Transcription factors (TFBs)

- Nitrosoreductases

N. franklandianus N. maritimus



ldentifying Biofilm Specific Genes in Each Species



PC2 (14.8%)

75

50

25

A N. viennensis
I @ Biofilm
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|
|
|
|
|
|
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PC1 (49.3%)

Ctrl

39
11
6
10
47
20
21
27
4
50
29
248
107
7
3
63
3

TPM
BF

785
383
575
946
811
806
103
1271
748

156
73
1318
73

Log2 FC

Locus tag
NVIE_

019250
010050
003900
019730
000940
019740
1444

001020
003890
001000
003910
1457

014300
014170
004020
001850
003950
004160
004010
018560
004000
000970
004170
012890
009530

N. viennensis N. franklandignus

N. maritimus

MCO4b

protein of unknown function

heat-shock protein Hsp20

protein of unknown function

putative aggregation protein

protein of unknown function

hypothetical protein

large adhesion protein

protein of unknown function

putative surface-associated Ca2+-binding protein
putative cupredoxin

exported protein of unknown function

Copper resistance protein CopC/CopD

putative sialidase - neuraminidase family protein
Universal stress protein YxiE

exported protein of unknown function

protein of unknown function

RDD family protein

CBS domain-containing protein {modular protein)

protein of unknown function

CBS and zinc finger C2H2 domain-containing protein
putative serine rich protein involved in cell adhesion

hypothetical protein
protein of unknown function
molecular chaperone HSP90 family
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ldentifying Biofilm Specific Genes in Each Species

- Differentially expressed
- Within top 50 of up-regulated under biofilm conditions

- High Transcript Number

- Within top 100 based on read count (transcript per million) in biofilm condition

- Syntenic with genes that meet the criteria
- Syntenic=next to a gene in the genome




Ctrl

47
1652
287
50
27
63
1174
538
107
248
355
3552
430
39

TPM

BF
2255

2405
1271

806
1318

2865
2601

1352

1825

Locus

NVIE_000940
NVIE_000970
NVIE_000990*
NVIE_001000
NVIE_001020*
NVIE_001850
NVIE_014250
NVIE_014290*
NVIE_014300
NVIE_1457
NVIE_014310*

Log2 FC

3.36

3.30
2.72

2.24
1.8 NVIE_017730

2.38  NVIE_017740*

NVIE_019250

Information N. viennensis

cell surface protein with DUF11 domain, putative aggregation protein
putative serine rich protein involved in cell adhesion

hypothetical protein, putative glycogen biosynthesis

putative surface-associated Ca2+-binding protein, Haemolysin-type
putative cell wall surface anchor family protein, large adhesion protein
exported protein of unknown function

exported protein of unknown function

hypothetical protein, putative cation channel protein

CopC/CopD

exported protein of unknown function, inbetween copC/copD
CopC/CopD

MCO4a

atntibiotic biosynthesis monooxygenase

MCO4b

Adhesion

copC/copD

MCO4a

MCO4b

Genomic region



TPM

Ctrl BF Locus

NVIE_000940
NVIE_000970
NVIE_000990*
NVIE_001000
NVIE_001020*
NVIE_001850
NVIE_014250
NVIE_014290*
NVIE_014300
NVIE_1457
NVIE_014310*
NVIE_017730
NVIE_017740*
NVIE_019250

Log2 FC

NFRAN_1082*
NFRAN_1083
NFRAN_1084
NFRAN_2029
NFRAN_2030
NFRAN_2032
NFRAN_2033
NFRAN_2077
NFRAN_2146
NFRAN_2154
NFRAN_2155
NFRAN_2792
NFRAN_2798*
NFRAN_RS13445
NFRAN_RS13965

2.02

0.30

234

Nmar_0010
Nmar_0013
Nmar_0033
Nmar_0034
Nmar_0063
Nmar_0455
Nmar_0456
Nmar_0459
NMAR_RS05400
Nmar_1201
Nmar_1246
Nmar_1340
Nmar_1353
Nmar_1354*

2.44

221
2.09

2.15
1.88

Information N. viennensis Genomic region

exported protein of unknown function
exported protein of unknown function
hypothetical protein, putative cation channel protein

CopC/CopD copC/copD
exported protein of unknown function, inbetween copC/copD

CopC/CopD

McO4a : MCO4a
atntibiotic biosynthesis monooxygenase

MCO4b MCO4b

N. franklandianus

MCO3

MCO3

ferredoxin family protein

antibiotic biosynthesis monooxygenase
hypothetical protein

sialidase family protein

sialidase family protein

cytochrome c biogenesis protein CcdA
MCO4b

MCO4a

hypothetical protein

hypothetical protein

MCO

Sialidases

MCO

N. maritimus

hypothetical protein

hypothetical protein

S-Layer S-layer
hypothetical protein

TFB

hemerythrin domain-containing protein MCO
MCO4a



Ctrl

TPM
BF

Log2 FC

234

2.44

Locus

NVIE_000940
NVIE_000970
NVIE_000990*
NVIE_001000
NVIE_001020*
NVIE_001850
NVIE_014250
NVIE_014290*
NVIE_014300
NVIE_1457
NVIE_014310*
NVIE_017730
NVIE_017740*
NVIE_019250

NFRAN_1082*
NFRAN_1083
NFRAN_1084
NFRAN_2029
NFRAN_2030
NFRAN_2032
NFRAN_2033
NFRAN_2077
NFRAN_2146
NFRAN_2154
NFRAN_2155
NFRAN_2792
NFRAN_2798*
NFRAN_RS13445
NFRAN_RS13965

Nmar_0010
Nmar_0013

. 272 Nmar_0033

221
2.09

1.83
2.15
1.88

Nmar_0034
Nmar_0063
Nmar_0455
Nmar_0456
Nmar_0459
NMAR_RS05400
Nmar_1201
Nmar_1246
Nmar_1340
Nmar_1353
Nmar_1354*

Information N. viennensis Genomic region

exported protein of unknown function
exported protein of unknown function
hypothetical protein, putative cation channel protein

CopC/CopD copC/copD
exported protein of unknown function, inbetween copC/copD

CopC/CopD

McO4a : MCO4a
atntibiotic biosynthesis monooxygenase

MCO4b MCO4b

N. franklandianus

MCO3

MCO3

ferredoxin family protein

antibiotic biosynthesis monooxygenase
hypothetical protein

sialidase family protein

sialidase family protein Sialidases
cytochrome c biogenesis protein CcdA

MCO4b

MCO4a

hypothetical protein

hypothetical protein

MCO

MCO

N. maritimus

hypothetical protein

tical protein, putativel
wall surface anchor f Nily protei 3 adhesion prot
tative serine rich protein inv
hypothetical protein

S-Layer S-layer
hypothetical protein

TFB

hemerythrin domain-containing protein MCO
MCO4a

Adhesion
protein

Sialidases
MCO3

Adhesion
protein



TPM
Ctrl BF Log2 FC Locus Information N. viennensis Genomic region

NVIE_000940
NVIE_000970

Adhesion
NVIE_000990* .
NVEE 001000 protein

NVIE_001020*

NVIE_001850 exported protein of unknown function

NVIE_014250 exported protein of unknown function
NVIE_014290* hypothetical protein, putative cation channel protein

NVIE_014300 CopC/CopD copC/copD ( S - I aye r)

NVIE_1457 exported protein of unknown function, inbetween copC/copD
224  NVIE_014310* CopC/CopD
1.8 NVIE_017730 MCO4a MCO4a
2.38  NVIE_017740* atntibiotic biosynthesis monooxygenase

NVIE_019250 MCO4b MCO4b

N. franklandianus

NFRAN_1082*

NFRAN 1063 Sialidases
vz MCO3

NFRAN_2030 MCO3

. MCO
NFRAN_2032 ferredoxin family protein
NFRAN_2033 antibiotic biosynthesis monooxygenase

2.02  NFRAN_2077 hypothetical protein (M iSS i n

NFRAN_2146 sialidase family protein g
NFRAN_2154 sialidase family protein Sialidases
NFRAN_2155 cytochrome c biogenesis protein CcdA S 'l aye r)
NFRAN_2792 MCO4b MCO

NFRAN_2798* MCO4a
NFRAN_RS13445 hypothetical protein
NFRAN_RS13965 hypothetical protein

N. maritimus

2.34  Nmar_0010
244  Nmar_0013
. 272 Nmar_0033
221  Nmar_0034
2.09 Nmar_0063
Nmar_0455
Nmar_0456

Adhesion
protein

(S-layer)

Nmar_0459 ativ ich
NMAR_RS05400  hypothetical protein
Nmar_1201 S-Layer S-layer
Nmar_1246 hypothetical protein
1.83 Nmar_1340 TFB
154 469 215 Nmar_1353 hemerythrin domain-containing protein MCO
| 2080 7730 188  Nmar_1354* MCO4a



Ctrl

TPM
BF

Log2 FC

234

2.44

Locus

NVIE_000940
NVIE_000970
NVIE_000990*
NVIE_001000
NVIE_001020*
NVIE_001850
NVIE_014250
NVIE_014290*
NVIE_014300
NVIE_1457
NVIE_014310*
NVIE_017730
NVIE_017740*
NVIE_019250

NFRAN_1082*
NFRAN_1083
NFRAN_1084
NFRAN_2029
NFRAN_2030
NFRAN_2032
NFRAN_2033
NFRAN_2077
NFRAN_2146
NFRAN_2154
NFRAN_2155
NFRAN_2792
NFRAN_2798*
NFRAN_RS13445
NFRAN_RS13965

Nmar_0010
Nmar_0013

. 272 Nmar_0033

221
2.09

1.83
2.15
1.88

Nmar_0034
Nmar_0063
Nmar_0455
Nmar_0456
Nmar_0459
NMAR_RS05400
Nmar_1201
Nmar_1246
Nmar_1340
Nmar_1353
Nmar_1354*

Information N. viennensis Genomic region

exported protein of unknown function
exported protein of unknown function
hypothetical protein, putative cation channel protein

CopC/CopD copC/copD
exported protein of unknown function, inbetween copC/copD

CopC/CopD

McO4a : MCO4a
atntibiotic biosynthesis monooxygenase

MCO4b MCO4b

N. franklandianus

MCO3

MCO3

ferredoxin family protein

antibiotic biosynthesis monooxygenase
hypothetical protein

sialidase family protein

sialidase family protein

cytochrome c biogenesis protein CcdA
MCO4b

MCO4a

hypothetical protein

hypothetical protein

MCO

Sialidases

MCO

N. maritimus

hypothetical protein

tical protein, putativel

wall surf;
tative serine rich protein inv
hypothetical protein

S-Layer S-layer
hypothetical protein

TFB

hemerythrin domain-containing protein MCO
MCO4a

Adhesion
protein

NV
S-layer

Sialidases
MCO3

o NF
Missing
S-layer

Adhesion
protein

S-layer




e ‘* Non-AOA

< Ca. Nitrosomiracaea (UBA213)

Nitrosocaldaceae

a

Nitrososphaeraceae Centralia_ MAG_167
Nitrososphaera sp. bin.1

Ca. Nitrososphaera gargensis Ga9.2
Nitrososphaera sp. Nzgw16
Nitrososphaera sp. L.E.AR.1
Nitrososphaera sp. bin.7

Ca. Nitrososphaera evergladensis SR1
Nitrososphaera viennensis ENT6

Ca. Nitrosopolaris (TH5896)

Nitrososphaeraceae RBC_AOAL

Ca. Nitrosocosmicus sp. LS_FP_2_bin.144
Nitrososphaeraceae YB3_2
Nitrososphaeraceae LB3_1

Ca. Nitrosocosmicus arcticus kfb

Ca. Nitrosocosmicus oleophilus MY3

Ca. Nitrosocosmicus sp. 48_562

Ca. Nitrosocosmicus sp. SS

Ca. Nitrosocosmicus sp. RS_bin.003

Ca. Nitrosocosmicus franklandianus C13
Ca. Nitrosocosmicus hydrocola G61

Nitrososphaerota Centralia_MAG_119
Ca. Nitrosotalea bavarica SBT1
Nitrososphaerota REEA23
Nitrosotalea sinensis Nd2
Nitrosotalea devaniterrae Nd1
Nitrososphaerota REEA5T

Ca. Nitrosotalea sp. t3.48

Ca. Nitrosotalea okcheonensis NCS1
Ca. Nitrosotalea sp. Martin2
Nitrososphaerota TA_9
Nitrososphaerota REEA16
Nitrosopumilaceae JOPF002
Nitrososphaerota clean277
Nitrososphaerota REEA14
Nitrososphaerota REEA25
Nitrososphaerota Centralia_MAG_T78
Nitrososphaerota REEATO
Nitrososphaerota Centralia MAG 109
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Nitrosarchaeum_A

Nitrosopumilaceae IBTHAUMO2
Nitrososphaerota APA_bin_56
Nitrosopumilus sp. 21_July_SF_Bin12
Nitrosopumilus sp. IP29b_bin.65
Nitrosopumilus sp. PfA

------------ Nitrosopumilus piranensis D3C
------------ Ca. Nitrosopumilus koreensis AR1
Ca. Nitrosopumilus sp. SW SW
Nitrosopumilus maritimus SCM1
Nitrosopumilus sp. SFB3

! Nitrosopumilus sp. DT_77
E ---------- Nitrosopumilus sp. SuakinDeep_MAG45_8

0000
L@
0000

g

---------- Nitrosopumilus sp. LS_AOA
Thaumarchaeota casp-thauma3
Nitrosopumilus sp. HM_N
Nitrososphaerota B12T1B11
Marine GrouF | thaumarchaeote L19a
— Nitrosopumilus sp. ECS31A1
----------- Nitrosopumilus zosterae NM25
Nitrosopumilus sp. b3
m{grosopum{;us adria l'!tll:‘gus Fl\’“S:(?
itrosopumilus ureiphilus v 5
Nitrosopumilus sp. 8_1_July_SF_Bin59 N" tros Op umi IUS
Nitrosopumilus sp. 13_July_SF_Bin28 NP gamma clade -y -2.1
----------- Nitrosopumilus sp. 13_May_SF_Bin89
Nitrosopumilus sp. HKST02
FE Ca. Nitrosopumilus sp. a9bb1b8d

-

Nitrosopumilus sp. MH-Pat-all_metabat2 16
Nitrosopumilus sp. BACL13 MAG-121220-bin23
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TPM

Ctrl BF Log2 FC Locus Information N. viennensis Genomic region
NVIE_000940
NVIE_000970
NVIE_000990*
NVIE_001000
NVIE_001020*
NVIE_001850 exported protein of unknown function COpC/D
NVIE_014250 exported protein of unknown function
NVIE_014290* hypothetical protein, putative cation channel protein
NVIE_014300 CopC/CopD copC/copD
NVIE_1457 exported protein of unknown function, inbetween copC/copD
224  NVIE_014310* CopC/CopD
1.8 NVIE_017730 MCO-4? o ; MCO4a
2.38  NVIE_017740* atntibiotic biosynthesis monooxygenase
NVIE_019250 MCO4b MCO4b

N. franklandianus

NFRAN_1082*
NFRAN_1083
NFRAN_1084
NFRAN_2029 MCO3
NFRAN_2030 MCO3 MCO
NFRAN_2032 ferredoxin family protein
NFRAN_2033 antibiotic biosynthesis monooxygenase
2.02  NFRAN_2077 hypothetical protein
NFRAN_2146 sialidase family protein
NFRAN_2154 sialidase family protein Sialidases
NFRAN_2155 cytochrome c biogenesis protein CcdA
NFRAN_2792 MCO4b MCO

NFRAN_2798* MCO4a
NFRAN_RS13445 hypothetical protein
NFRAN_RS13965 hypothetical protein

N. maritimus

2.34  Nmar_0010
244  Nmar_0013
. 272 Nmar_0033
221  Nmar_0034
2.09 Nmar_0063
Nmar_0455
Nmar_0456

Several Transcription Factor Changes

* . . . .
Nmar 045 atve serine rich a switch of the dominant transcription factor
NMAR_RS05400  hypothetical protein
Nmar_1201 S-Layer S-layer
Nmar_1246 hypothetical protein

1.83 Nmar_1340 TFB
154 469 215 Nmar_1353 hemerythrin domain-containing protein MCO
| 2080 7730 188  Nmar_1354* MCO4a



TPM
Ctrl BF Log2 FC Locus

NVIE_000940
NVIE_000970
NVIE_000990*
NVIE_001000
NVIE_001020*
NVIE_001850
NVIE_014250
NVIE_014290*
NVIE_014300
NVIE_1457
NVIE_014310*
NVIE_017730
NVIE_017740*
NVIE_019250

NFRAN_1082*
NFRAN_1083
NFRAN_1084
NFRAN_2029
NFRAN_2030
NFRAN_2032
NFRAN_2033
NFRAN_2077
NFRAN_2146
NFRAN_2154
NFRAN_2155
NFRAN_2792
NFRAN_2798*
NFRAN_RS13445
NFRAN_RS13965

234  Nmar_0010
244  Nmar_0013
Nmar_0033
221  Nmar_0034
2.09 Nmar_0063
Nmar_0455
Nmar_0456
Nmar_0459
NMAR_RS05400
Nmar_1201
Nmar_1246
Nmar_1340
154 469 215 Nmar_1353

Wasso Ml 1ss  nmar s

Information N. viennensis

exported protein of unknown function

exported protein of unknown function

hypothetical protein, putative cation channel protein
CopC/CopD

exported protein of unknown function, inbetween copC/copD
CopC/CopD

MCO4a

atntibiotic biosynthesis monooxygenase

MCO4b

N. franklandianus

MCO3

MCO3

ferredoxin family protein

antibiotic biosynthesis monooxygenase
hypothetical protein

sialidase family protein

sialidase family protein

cytochrome c biogenesis protein CcdA
MCO4b

MCO4a

hypothetical protein

hypothetical protein

N. maritimus

hypothetical protein

S-Layer

hypothetical protein

TFB

hemerythrin domain-containing protein
MCO4a

Genomic region

copC/copD

MCO4a

MCO4b

MCO

Sialidases

MCO

S-layer

MCO

CopC/D

122
113

113
39
155

1.28 NVIE_000600
-1.34 NVIE_026950
1.01 NFRAN_0604

.~ 0.90 Nmar_1663
.~ 053 Nmar_1131



Ctrl

1652

1174

430

1514
1539
1170

83
165
65
3803
658
2849
785

195
355
1665
741
1297
41
6
2135
70

TPM

-
-
2865
2601

1825

i

2333

Ige

809

1349

2357
3717
231

227

429

Log2 FC Locus
NVIE_000940
NVIE_000970
NVIE_000990*

Information N. viennensis Genomic region

cell surface protein with DUF11 domain, putative aggregation protein
putative serine rich protein involved in cell adhesion

3.30
2.72

224
1.8
2.38

3.01
3.43
3.64
3.16
3.17
3.08
313
2.02

2.66
0.30
2.64
3.19

234
2.44
272
221
2.09
3.05

4.11
3.15
3.62
1.83
205
1.88

NVIE_001000
NVIE_001020*
NVIE_001850

NVIE_014250
NVIE_014290*
NVIE_014300
NVIE_1457
NVIE_014310*
NVIE_017730
NVIE_017740*
NVIE_019250

NFRAN_1082*
NFRAN_1083
NFRAN_1084
NFRAN_2029
NFRAN_2030
NFRAN_2032
NFRAN_2033
NFRAN_2077
NFRAN_2146
NFRAN_2154
NFRAN_2155
NFRAN_2792
NFRAN_2798*
NFRAN_RS13445
NFRAN_RS13965

Nmar_0010
Nmar_0013
Nmar_0033
Nmar_0034
Nmar_0063
Nmar_0455
Nmar_0456
Nmar_0459
NMAR_RS05400
Nmar_1201
Nmar_1246
Nmar_1340
Nmar_1353
Nmar_1354*

hypothetical protein, putative glycogen biosynthesis Adhesion

putative surface-associated Ca2+-binding protein, Haemolysin-type

putative cell wall surface anchor family protein, large adhesion protein

exported protein of unknown function

exported protein of unknown function

hypothetical protein, putative cation channel protein

CopC/CopD copC/copD

exported protein of unknown function, inbetween copC/copD

CopC/CopD

MCOda _ MCO4a

atntibiotic biosynthesis monooxygenase

MCO4b MCO4b
N. franklandianus

CopD

exported protein of unknown function, inbetween copC/copD copC/copD

CopC

MCO3

MCO3 MCO

ferredoxin family protein

antibiotic biosynthesis monooxygenase

hypothetical protein

sialidase family protein

sialidase family protein Sialidases

cytochrome c biogenesis protein CcdA

MCO4b MCO

MCO4a

hypothetical protein
hypothetical protein

N. maritimus

hypothetical protein

hypothetical protein, putatively involved in adhesion

putative cell wall surface anchor family protein, large adhesion protein
putative serine rich protein involved in cell adhesion

hypothetical protein

S-Layer

hypothetical protein

TFB

hemerythrin domain-containing protein

MCO4a

Adhesion

S-layer

MCO

CopC/D

57 113 1.28 NVIE_000600
122 39 -1.34 NVIE_026950
113 155 1.01 NFRAN_0604
Copper
bioavailability 4 6 0.90 Nmar_1663
2 2 0.53 Nmar_1131

N. viennensis N. franklandianus




Physiological Observations

Highly up-regulated genes are species specific

Multicopper oxidases are potentially involved in cell surface modification
Adhesion proteins support biofilm formation in species with an S-layer
Multi-dimensional biofilms may be copper limited

Marine strains may undergo a more drastic transcriptional adjustment

a kB 0 b =
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Biofilm lifestyle as a commmon trait of ammonia-oxidizing archaea
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Questions

- Is biofilm formation a common trait of AOA? YES
- Are there physiological responses associated with biofilms? YE S

- Does biofilm growth affect nitrification? YES
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