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ÅComamonastestosteroni:

ÅUreaĄNH4
+ + CO2

ÅNitrobacter winogradskyi

ÅNO2
-
ĄNO3

-

ÅNitrosomonas europaea:

ÅNH4
+
ĄNO2

-

COMPARTMENT III: NITRIFICATION

MELiSSALOOP
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URINE NITRIFICATION IN SPACE (URINIS)

ÅProof-of-concept studyfor nitrification on the ISS 
in Low Earth Orbit
ÅIonizingirradiation(280 µGy/day*)

ÅMicrogravity

ÅPreparatoryterrestrial experiments:
ÅSimulatedISS ionizingirradiationconditions

ÅSimulatedmicrogravity

ÅAxeniccultures & tripartite community

ÅEffect on ureolysis & nitrification

ÅWhole transcriptomeanalysis

*Berger et al., 2016
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CHRONIC LOW-DOSE IRRADIATION
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ÅSimulationof ISS irradiation

ÅAcceleratedlife testing: 

Total doseof a 4-month ISS stay (36 mGy) over 
3 daysof irradiation

ÅCf-252 neutron source*: 509 µGy/h

*Akatovet al., 2013

Cf-252 source

CHRONIC LOW-DOSE IRRADIATION
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COMAMONAS TESTOSTERONI
CHRONIC LOW-DOSE IRRADIATION
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ÅDifferentiallyexpressedgene (DEG):
Ålog2 foldŎƘŀƴƎŜ όC/ύ җ μмμ

Åp-value< 0.05

ÅDEG percentage: 4.28 % of total genomeprotein
codingsequences(CDS) (= 5,771)

Å56.28 % upregulated

Å43.72 % downregulated

Not significant
log2 FC > |1|
p-value< 0.05
DEG

COMAMONAS TESTOSTERONI
CHRONIC LOW-DOSE IRRADIATION
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Glyoxylateshunt

Cellenvelope
adaption

Pilusformation

Metal transport

Repair

COMAMONAS TESTOSTERONI
CHRONIC LOW-DOSE IRRADIATION
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No effect on ureolysis genes

COMAMONAS TESTOSTERONI
CHRONIC LOW-DOSE IRRADIATION
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NITROSOMONAS EUROPAEA
CHRONIC LOW-DOSE IRRADIATION
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Not significant
log2 FC > |1|
p-value < 0.05
DEG

ÅDEG percentage: 2.55 % of total genomeprotein
codingsequences(CDS) (= 2,783)

Å23.94 % upregulated

Å76.06 % downregulated

NITROSOMONAS EUROPAEA
CHRONIC LOW-DOSE IRRADIATION
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SulfateuptakeIron uptake

Figureadaptedfrom Mey et al., 2021

Repair

ROS scavengers

NITROSOMONAS EUROPAEA
CHRONIC LOW-DOSE IRRADIATION
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Fentonreaction:

Fe2+ + H2O2Ą Fe3+ + OH- + OH

No effect on nitrification genes

NITROSOMONAS EUROPAEA
CHRONIC LOW-DOSE IRRADIATION
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NITROBACTER WINOGRADSKYI
CHRONIC LOW-DOSE IRRADIATION
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ÅDEG percentage: 1.23 % of total CDS (= 
3,667)

Å31.11 % upregulated

Å68.89 % downregulated

Not significant
log2 FC > |1|
p-value < 0.05
DEG

NITROBACTER WINOGRADSKYI
CHRONIC LOW-DOSE IRRADIATION

16



ISC: RestrictedISC: Restricted

Glycogensynthesis

Carboxysome
shell

Repair

NITROBACTER WINOGRADSKYI
CHRONIC LOW-DOSE IRRADIATION
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No effect on nitrification genes

NITROBACTER WINOGRADSKYI
CHRONIC LOW-DOSE IRRADIATION
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TRIPARTITE CULTURE
CHRONIC LOW-DOSE IRRADIATION
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ÅDEG percentage: 0.85 % of total CDS (= 
12,221)

Å66.35 % upregulated

Å33.65 % downregulated

Not significant
log2 FC > |1|
p-value< 0.05
DEG

TRIPARTITE CULTURE
CHRONIC LOW-DOSE IRRADIATION
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Comamonastestosteroni

Tripartite

Axenic

Nitrosomonas europaea

Tripartite

Axenic

Nitrobacter winogradskyi

Tripartite

Axenic

Similaritiesin stress response

DEG OF AXENIC SPECIES VS. TRIPARTITE CULTURE SPECIES
CHRONIC LOW-DOSE IRRADIATION
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Nitrite reductase 
(AniA)

AMO

Hydroxylamine
oxidoreductase

(HAO)

CbbQ

RuBisCO

CbbO

TRIPARTITE CULTURE ςNITROSOMONAS EUROPAEA

CHRONIC LOW-DOSE IRRADIATION
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Figureadaptedfrom Tsaiet al., 2015
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TRIPARTITE CULTURE ςNITROSOMONAS EUROPAEA

Effect on nitrification genes

CHRONIC LOW-DOSE IRRADIATION
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Comamonas testosteroni
Nitrosomonas

europaea

Nitrobacter 

winogradskyi
Tripartite culture

Oxidative stress response

- ROS scavengers

- DNA repair

- Cysteinebiosynthesis

- Glyoxylate shunt

- Cell envelope adaption

- Sulfur import

- Iron uptake

- ROS scavengers

- Energy conservation

- ROS scavengers

- Stress response 

proteins

Impact on ureolysis or 

nitrification genes
None None None

- N. europaea hao3

- N. europaea aniA

- N. europaea 

RuBisCOactivators

CHRONIC LOW-DOSE IRRADIATION
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ÅEvidenceof subtle form of oxidativestress
in all axenicstrainsand tripartite 
community

ÅLimited effect on nitrification genesin low-
dosechronicirradiationconditionsin 
tripartite community

CONCLUSIONS
LOW-DOSE CHRONIC IRRADIATION
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SIMULATED 
MICROGRAVITY
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RANDOM POSITIONING 
MACHINE (RPM)

ROTATING WALL 
VESSEL (RWV)

Å2D rotation

ÅSolid body rotation of liquid

ÅContinuoussuspendedorbid of cells

ÅLow-shearmodelledmicrogravity

ÅRandom 3D rotation

ÅRandomizationof gravityvector

ÅDisruptionof ŎŜƭƭΩǎgravityperception

ÅLow-shearmodelledmicrogravity

SIMULATED MICROGRAVITY
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SIMULATED MICROGRAVITY
NITROSOMONAS EUROPAEA
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RPM

RWV

RuBisCO

Mercurytransport 

amoA2/amoB2 
(ammonia monooxygenase)

Transposases& 
integrases

Stress response

NITROSOMONAS EUROPAEA

SIMULATED MICROGRAVITY
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ÅDownregulationof centralmetabolismgenes

RuBisCO

Mercurytransport 

amoA2/amoB2 
(ammonia monooxygenase)

Transposases& 
integrases

Stress response

Localizednutritional deprivation

ÅStress-inducedmutagenesis

ÅUpregulationof transposasesandintegrases

ÅObservedduringnutritional deprivationin other
bacterialstrains(Reviewedin Foster et al., 2007)

ÅOtherstress response genes

NITROSOMONAS EUROPAEA

SIMULATED MICROGRAVITY
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NITROBACTER WINOGRADSKYI

SIMULATED MICROGRAVITY
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RPM

RWV

nxrB2 
(nitrite oxidoreductase)

Transcription

Replication

Proliferation

RuBisCO

Translation

Motility

Stress response

NITROBACTER WINOGRADSKYI ςDIFFERENTIALLY EXPRESSED GENES

SIMULATED MICROGRAVITY

32



ISC: RestrictedISC: Restricted

nxrB2 

(nitrite oxidoreductase )

Transcription

Replication

Proliferation

RuBisCO

Translation

Motility

Stress response

Localizednutritional deprivation

ÅInhibitionof cellgrowth andproliferation

ÅCentral carbon metabolisminhibition

ÅUpregulationof nxrB2(nitrite oxidoreductase) Ą higherneed
for nitrite oxidation

ÅInhibitionof electrontransport chain proteins

ÅUpregulationof earlystage flagellumassemblyproteins

NITROBACTER WINOGRADSKYI

SIMULATED MICROGRAVITY
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Nitrosomonas europaea Nitrobacter winogradskyi

Random Positioning 

Machine (RPM)

- RuBisCOactivation genes

- amoA2/amoB2

- Stress-induced mutagenesis

- RuBisCOoperon

- Cell growth , proliferation

- Stress response genes

- nxrB2

Rotating Wall Vessel

(RWV)

- RuBisCOactivity

- Stress-induced mutagenesis

- RuBisCOoperon

- Translation genes

- Stress response genes

Local nutritional deprivation Local nutritional deprivation

EFFECT ON NITRIFICATION

SIMULATED MICROGRAVITY
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SIMULATED MICROGRAVITY

ÅPossiblenutritional deprivation causedby
eliminationof fluid dynamics

ÅN. europaea andN. winogradskyi: 

ÅDownregulatedcentralmetabolismgenes

ÅUpregulatedstress response genes

ÅSimulatedmicrogravityhas aneffect on 
nitrification

CONCLUSIONS
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