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The Biofilm Lifestyle of AOA: 
Implications for Physiology and 

Nitrification Inhibition



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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Nitrososphaera viennensis

• First AOA isolated from soil.

Tourna et al. (2011) and Stieglmeier et al. (2014).

Stieglmeier et al. (2014)
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How do AOA grow in the environment?



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

Majority of prokaryotes might exist as biofilms



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?



Role of Biofilms in the environment



How do AOA grow in the environment?

Thomas Pribasnig

Max Dreer



Questions
• Do AOA form biofilms?

• Are there physiological responses associated with biofilms?

• Does biofilm growth affect nitrification?



Setup – Borosilicate coverslip in liquid medium



Macroscopically visible BF - ~2 months



Which Species?-A Classification Detour



Ends with -ales
Ends with -aceae

NCBI:  Nitrososphaerota (phylum) Grouped by Orders
Thaumarchaeaota



amoA Clades



Nitrosocaldaceae 
(Thermophilic)

Nitrosopumilaceae 
(Marine Group)

Nitrososphearaceae (Soil 
Group)

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

Thermoproteota (phylum)

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

All AOA are in the order 
Nitrososphaerales

Ends with -ales
Ends with -aceae



NCBI GTDB

Nitrosocaldaceae

Nitrosopumilaceae

Nitrososphaeraceae

N
itrososphaerales



NCBI GTDB

Nitrosocaldaceae

Nitrosopumilaceae

Nitrososphaeraceae

Nitrososphaerales mean very different things in the different classification systems.

N
itrososphaerales



https://gtdb.ecogenomic.org/GTDB



Nitrosopumilaceae

Nitrososphaeraceae



Initial inoculation – N. viennensis

Garden Soil



First transfer of coverslip

Garden Soil



Ammonia is oxidized faster – more cells in BF

Garden Soil



Ammonia is oxidized faster – more cells in BF

Garden Soil



Ammonia is oxidized faster – more cells in BF

Garden Soil



Ammonia is oxidized faster – more cells in BF

Garden Soil



Maximum reached

Garden Soil



Initial inoculation - N. franklandianus

Agricultural Soil



Even faster acceleration than N. viennensis

Agricultural Soil



Even faster acceleration than N. viennensis

Agricultural Soil



Maximum reached faster

Agricultural Soil



Stable maximum

Agricultural Soil



AOA Growth as a Biofilm



Initial inoculation - N. maritimus

Aquarium Gravel



Longer lag phase

Aquarium Gravel



Biofilm is formed slowly

Aquarium Gravel



Maximum reached

Aquarium Gravel



Unstable maximum

Aquarium Gravel



AOA Growth as a Biofilm

5% Inoculation Volume

NV-0.25% Inoculation Volume
NF-1% Inoculation Volume



Initial inoculation - N. piranenesis

Coastal Surface Water



Very long initial lag phase

Coastal Surface Water



No acceleration

Coastal Surface Water



Minimal biofilm formation

Coastal Surface Water



AOA Growth as a Biofilm



AOA Growth as a Biofilm



Biofilm Accumulation Rate – accounting for species 
specific generation times 

• ST (Standard time) = time required to produce 500µM of NO2 for a planktonic 
culture with a 5% inoculation volume

• BT (Biofilm time) = time required to produce 500µM of NO2 for biofilms after 
every transfer

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑆𝑆𝑆𝑆
𝐵𝐵𝐵𝐵𝑥𝑥



AOA Growth as a Biofilm



Questions
• Is biofilm formation a common trait of AOA?

• Are there physiological responses associated with biofilms?

• Does biofilm growth affect nitrification?

YES



AOA Growth as a Biofilm



Growth Observed with Light Microscopy



Growth Observed with Light Microscopy



Growth Observed with Light Microscopy



Growth Observed with Light Microscopy



Growth Observed with Light Microscopy



Two Attachment Strategies
Single
Cell

Attachment

Single
Cell

Attachment

Aggregate
Attachment



Two Attachment Strategies
Single
Cell

Attachment
(S-layer)

Single
Cell

Attachment
(S-layer)

Aggregate
Attachment
(no S-layer)



Scanning Electron Microscopy



Physiology of Biofilms-Transcriptomics



Biofilms Exhibit Distinct Transcriptomic Responses 





Protein Family Categorization
• ~25 complete or mostly complete genomes

• BLAST every amino acid sequence against each other

• Divide into protein families (35% identity, 70% 
coverage)









Species Specific Response in Up-Regulated Genes



Common Up-regulated Protein Families

• Multicopper Oxidases (MCOs)

• Transcription factors (TFBs)

• Nitrosoreductases



Common Up-regulated Protein Families

• Multicopper Oxidases (MCOs)

• Transcription factors (TFBs)

• Nitrosoreductases





• Copper Acquisition
• MCO1
• MCO4?

• N detoxification
• MCO4

• Ammonia Oxidation
• NirK

Functions?

Qin et al., 2018
Reyes  et al., 2020

Voland et al., 2025

Kozlowski et al., 2016





MCOs May Modify Cell surface of Biofilm Cells



MCOs May Modify Cell surface of Biofilm Cells



Common Up-regulated Protein Families

• Multicopper Oxidases (MCOs)

• Transcription factors (TFBs)

• Nitrosoreductases



Identifying Biofilm Specific Genes in Each Species





Identifying 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







Adhesion 
protein

Adhesion 
protein

Sialidases
MCO3



Adhesion 
protein

Adhesion 
protein

Sialidases
MCO3

(S-layer)

(S-layer)

(Missing 
S-layer)



Adhesion 
protein

Adhesion 
protein

Sialidases
MCO3

Single Cell Attachment

Single Cell Attachment

Aggregate Attachment

S-layer

S-layer

Missing 
S-layer



*All isolated 
Nitrosocosmicus 
form aggregates 
and lack an S-
layer





CopC/D

Several Transcription Factor Changes
*a switch of the dominant transcription factor



CopC/D



CopC/D



Physiological Observations
1. Highly up-regulated genes are species specific
2. Multicopper oxidases are potentially involved in cell surface modification
3. Adhesion proteins support biofilm formation in species with an S-layer
4. Multi-dimensional biofilms may be copper limited
5. Marine  strains may undergo a more drastic transcriptional adjustment 



N. franklandianus N. viennensis N. maritimus



Conclusions
• All tested AOA have the capacity to form 

biofilms

• Soil strains exhibited the greatest capacity 
to form biofilms

• Growth as a biofilm is associated with 
distinct, species specific, physiological 
changes



Thomas PribasnigMax Dreer



Questions
• Is biofilm formation a common trait of AOA?

• Are there physiological responses associated with biofilms?

• Does biofilm growth affect nitrification?

YES

YES

YES
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