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Nothing is less real than realism.
Details are confusing.
It is only by selection, by elimination, by emphasis,

that we get at the real meaning of things.

— Georgia O’Keeffe
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Abstract

Nitrification, the biotic transformation of ammonia to nitrate via nitrite, plays a fundamental role in
natural and engineered systems. In the last decades, our understanding of nitrification has changed
significantly — from the collaboration between two aerobic microbial cohorts, ammonia-oxidizing
bacteria (AOB) and nitrite-oxidizing bacteria (NOB), to the complex ecological network involving
five microbial cohorts from both bacterial and archaeal domains and including anaerobic microbes:
AOB, NOB, ammonia-oxidizing archaea (AOA), comammox bacteria (CMX) and anammox
bacteria (AMX). Although this complexity has hindered the full comprehension of nitrification, new
opportunities could arise for novel biotechnology designs to remove nitrogen compounds from
sewage in a more efficient and sustainable way. The comprehension of the complex ecological
network of nitrifiers is the first step to achieve this goal. In order to elucidate the ecological
mechanisms that shape the nitrifying community, statistical methods (meta-analysis and
nonparametric statistics) and multiscale modelling (Individual-based Model framework) were
combined.

The meta-analysis, reviewing approximately 100 references in literature and more than 300 data
points, found that AOA and CMX have higher growth yield, higher ammonia affinity and lower
maximum specific growth rate than AOB, in accordance with the conventional life strategy theory
(r-strategy, K-strategy and Y-strategy). This would explain their dominance in oligotrophic
environments. However, CMX, with the maximum energy harvest per mole of ammonia, and some
AOB (especially from Nitrosospira genus) have higher ammonia affinity than some AOA species.
Moreover, similar oxygen affinity between AOB and AOA was found, and the presumed dominance
of AOB over NOB in oxygen-limiting environments was discussed. Although Nitrobacter have the
lowest oxygen affinity, Nitrospira have a similar affinity than AOB and AOA. Moreover, lower
statistical variance of oxygen affinity than ammonia and nitrite affinities was observed, suggesting
that nitrogen availability (ammonia and nitrite) is stronger selective pressure than oxygen. This meta-
analysis also showed that the measured kinetic parameters (and potential niche specializations) are
mainly defined by the fundamental differences in the biochemistry of nitrifying populations.

Hypothesis and theory-based studies in microbial ecology have been neglected in favour of those
that are descriptive and aim for data-gathering of uncultured microbial species. This tendency limits
our capacity to create new mechanistic explanations of microbial community dynamics. The
modelling studies presented in this thesis were designed following the guidelines of in-silico bottom-
up methodology, in which the simulated domain is piecing together sub-systems (i.e., key elements
and processes) to give rise to more complex systems. Ruling out the belief that experimentation
before modelling is indispensable, this thesis shows that mathematical modelling can be used as a
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tool to direct experimentation by validating theoretical principles and generating new hypotheses on
microbial ecology. Two modelling studies is presented in this work. The first in-silico study aimed
to explore the underlying mechanism that control the microbial community assembly in aggregates.
For this, an artificial microbial community noninteracting (neutralism), collaborating
(commensalism) and/or competing was simulated under different environmental conditions. This
study identified specific spatial distributions of populations in function of the ecological interaction
considered. When multiple ecological interactions were considered, the resultant spatial distribution
was the one controlled by the most limiting substrate. Based on this, a theoretical modulus was
defined, called eco-interaction modulus. With this, we are able to quantify the effect of
environmental conditions and ecological interactions on the resultant microbial community.
Although competition for space is generally overlooked, the in-silico results show its role on the
assembly of microbial communities in aggregates. The second modelling study aimed to investigate
the resilience of CMX under different nitrogen and/or oxygen limited environments considering all
their reported catabolic activities. The in-silico results from this study suggest that even extremely
low oxygen concentrations (~1.0 uM) allow for a proportional growth of AMX and CMX similar to
the one experimentally observed. Additionally, a diversity of metabolic activities for CMX was
observed in all tested conditions (i.e., metabolic heterogeneity), being essential for the survival of
comammox Nitrospira under hypoxic conditions together with AMX. Moreover, metabolic
heterogeneity would also explain the transient accumulation of nitrite experimentally observed in
aerobic environments with higher ammonia availability.

Overall, the meta-analysis presented in this thesis highlights the importance of considering the
microbial taxonomy, the biochemistry of populations, and the metabolic versatility of microbes for
the definition of ecological niches of nitrifying populations. Additionally, the lack of defined
ecological niches in nitrification might not be only because we are not considering key environmental
variables that establish the ecological niches, but we are observing niche overlapping, that is, distinct
nitrifying cohorts co-dominate in the same ecological niche. On the other hand, the in-silico studies
reveal that (i) although ecological relationships between different species dictates the distribution of
microbes in aggregates, the environment controls the final spatial distribution of the community, (ii)
the specific microbial patterns observed are, in turn, the optimal spatial organization for microbes to
thrive in aggregates and how columned stratification allows the co-existence of populations at
different growth rates, and (iii) metabolic heterogeneity mechanistically explains the early findings
on comammox Nitrospira — the coexistence with anammox bacteria under hypoxic conditions, the
dominance of complete nitrification activity in nitrogen limiting environments and the transient
accumulation of nitrite under aerobic conditions. Finally, this thesis shows that the systematic
attribute of the in-silico bottom-up methodology, together with the gradual increasing in complexity
of the simulated system, allows to draw stronger hypothesis on mechanisms, which accelerates the
research task.



Table of Contents | 5

Table of Contents

AADSTTACT. ... 3
TaDIE OF CONEENTS. .....etieieieee ettt b e bbb b b e bbb 5
LSt OF TADIES ... 9
IS ) T U2 TSR 12
List of Accompanying Material...........ccooiiiiiiiiiieieee e 24
ACKNOWIEAGMENTS ...t bbb e sre bbb 25
Declaration of OFgINAIITY .........ccviiiiiiiiiiee e sre e 26
Abbreviations and Special SYMDOIS ..o 27
O 1 (oo (0ot A o] o TPV PR PRSP 29
I N =7 1ot (o | (011 o TP 30
1.2.  Research Aims and ODJECHIVES......cciiiiiiiiiieiiiiesieie st 31
1.3. TRESIS OULHING ..o 32

2. LITEIATUIE TEVIBW. ...ttt bbb bbbttt bbbt n e 33
2.1.  Nitrogen cycle and human IMPACE...........ccooeiiiiiiinineee e 34
2.2.  Nitrification and @NAMMOX..........ccoceririririiire e 36
2.2.1.  Ammonia OXidiZErs (AOM) ..ottt 37
2.2.1.1.  Ammonia-oxidizing bacteria (AOB)........ccccovveriiienenieniee e 37
2.2.1.2.  Ammonia-oxidizing archaea (AOA).......ccceeriiriiiiniiire e 38

2.2.2.  Nitrite OXItIZErS (NOB) .....oiiiiiiiieiiiie ittt 41
2.2.3.  Complete ammonia oxidizers, comammox bacteria (CMX) ........cccccevvrverinnens 44
2.2.4.  Anaerobic ammonia oxidizers, anammox bacteria (AMX)......ccccceeveviviieienrnnns 45

2.3.  Contribution of nitrification to N2O eMISSIONS ........cccovviiiiiiiiiiieesie e 46
2.4.  The ecology OF NITITIEIS ......oiiiiiiiee e s 48

2. CONCIUSIONS ..ottt ettt e e e e e e e ettt e e e e e ee e eeeeeeeeeenanrereeeeeeean 50



Table of Contents | 6

3. Biochemistry shapes growth kinetics of nitrifiers and defines their activity under specific

enVIroNMeNtal CONTITIONS. ........ciiiiiiii e 51
T8 I 1011 oo (1 (oo IR 52
3.2, Materials and MEthOS .........coooiiiiiiii s 54

3.21.  Maximum Specific growth rate (max) .. .ccoeeoererromrneirsere e 54
3.2.2.  Specific affinities for substrates (a%ms, 8%n02, 8%02) ovvevvevrveeereieieeeeeeeee s 55
3.2.3.  GrOWEN YIEld (YXS) ceeeerereeieierieieie ettt neens 55
3.2.4.  SEAtiSHCAl ANAIYSES ...c.veivieiiiiieiece e 56
3.3, RESUILS @Nd DISCUSSION.......cuiiiiiiiiieiieiie ettt sttt 56
3.3 L. AMMONIA OXIAIZEIS...c..iiviieiiiiiiiieie et 58
3320 NI OXIAIZELS ...ttt nne s 61
3.3.3.  Oxygen competition among NILFFIErS.......ccocvveiieieiiee e 63
B4, CONCIUSIONS ...ttt bbbttt bbb 65

4. Multiscale models driving hypothesis and theory-based research in microbial ecology... 67

o 101 0o 1 oo I TSP 68
4.2.  Experimental and theoretical MOEIS ..o 68
4.3.  In-silico bottom-up MethodoIOgY .......cceiveriiiiiii e e 69
4.4.  Scales of modelling for microbial cOmMMUNILIES...........ccooceiiiiiiiiiiiee 73
4.4.1. Individual scale. Models that describe individual microbial activity ................. 73
4.4.2.  Micro-scale. Prediction of emerging properties of communities ....................... 74
4.4.3.  Macro-scale. Scaling up and down Key ProCess ..........ccevvrverenienenieesesneeseenens 75
T © 1111 [0 PR 75
5. Methods — Individual-based Model for microbial aggregates. .........ccccovvveiieieiieenesnnn 76
5.1.  Applications and alternative Methods ............ccooeiiiiiniiiiiie e 77
5.2.  Description of the mathematical model.............cccccoviiiiiiiici e, 79
5.2.1.  Biological model. Individual-based Model ...........ccooviiiiiiiiiiiiniiees 80
52.1.1. Shoving algorithM .........cooiieiiic e 82
5.2.2.  Physical model. Diffusive transSport .........ccocviiiiiieiiiie e 83

5.2.2.1. Discretization of diffusion-reaction equation..............cccecvevevieeiesieereseenn. 83



Table of Contents | 7

5.2.2.2. REACLION TEIMN ... 86
ST T 101 (=0 - Ui o] USSP PSPPSRI 87
5.2.3.1.  Adaptative iINtegration StEPS........covrveriiriiereniieriesiee e 88

6. Environmental and ecological controls of the spatial distribution of microbial populations

TR (oo =To T LTRSS 89
B.1.  INEFOTUCTION ... 90
I |V 1= 1 T o TR 92

6.2.1.  Set Of SIMUIALIONS ........coiiiiiiiii e 93
6.2.2.  Calculation Of COIONY SIZE .......ccccoiiiiiiiiiiee e 93
6.2.3.  Definition of eco-interaction MOdulus (@IE1)........cvervrriieriiiiiriiiieie e 94
6.2.4.  SEAtiSHCAl ANAIYSES ...c.viivveiiiiieie e 95
6.3.  RESUILS and DISCUSSION .....ccuiiuiiiiiiiriiiieiie ittt st sae e 95
6.3.1.  Influence of single eco-interaction on microbial communities ............c.ccoecvevenns 95
6.3.1.1. Neutral environment and the inevitable competition for space .................. 96
6.3.1.2. Competition fOr SUDSIIAtE.........ccveiiiieiieie e 99
6.3.1.3.  Substrate-related commensalism: division of labour ..............ccccccceevnennne 100
6.3.2.  Concurrence of multiple eCO-INtEractions..........c.ccovvvieienieiiere s 103
6.3.2.1. Eco-interaction Modulus (QIEN) «..eoveerereriiiiineresee e 105

6.3.3.  Shear forces (detachment) controlling the spatial distribution of populations . 107
B.4.  CONCIUSIONS ......viiiiiiiie ettt ettt et e e st e e e e ba e sbeesaeeesteesaeeenneenneas 109

7. Competitive and substrate limited environments drive metabolic heterogeneity for

COMAMMOX NITFOSPITA. .. eeuviiiieiiiiie ettt et st e s beeneesbeeneesbeeneesneeneas 110
% O 1011 €T [FTox o] TR 111
7.2, IMEENOGS ..o bbb bbb 113

7.2.1.  Growth yield estimation of comammox NItroSpPira.........ccccceverereenieieeneneenn. 113

7.2.2.  Multiscale model to describe the community assembly of comammox Nitrospira

and ANAMMOX DACTEIIA ......ccvveiii it s e e e e e s ebre e e e aans 115
7.2.3.  SIMUIAtion eXPEriMENTS ......cveiieieiieie e ere e 116

7.2.4.  Ecological analysis at floc [evel ... 117



Table of Contents | 8

7.2.5.  Parameters for the quantification of nitrogen removal ............c.ccocoinininnnnnn 118
7.2.6.  STAtiSHCAl ANAIYSES ...c.viiiieiiiiieiecie e 118
7.3 RESUIS ... 118
A S B 1ot 3] o] TR 121
7.4.1.  Metabolic heterogeneity for comammox Nitrospira.........ccccccevvvvvereiiveniennnnn. 122
7.4.2.  Optimization of anaerobic oxidation performance............cccocooeovveinincinenns 125
7.4.3.  Metabolic heterogeneity explains transient nitrite accumulation ..................... 126
7.4.4.  (Eco)physiological analysis of comammox Nitrospira..........cccceeereerenerennnn 126
7.5, CONCIUSIONS ...ttt bbbttt bt 130
8. Conclusions and ReCOMMENTALIONS. .........coiiiririiiiireeeeee e 131
8.1. Restatement 0f ReSearch ODJECHIVES .........cccveiiiiiiiiiiie e 132
8.2, MaIN FINAINGS ..ot nne s 132
8.2.1.  Biochemistry defines ecological niches of aerobic nitrifiers............ccccceevvenne. 133

8.2.2.  Ecological, environmental and spatial controls of microbial community assembly

[ IRETo 0T LT SRS 134

8.2.3.  Metabolic heterogeneity explains the early discoveries of comammox Nitrospira
135

8.2.4.  Theoretical and quantitative research in microbial ecology using mathematical

00T0T0[=] | 110 To [P 135

8.3.  Proposed Future Research and Current LImitations...........cccooveveviieneniienesiiesesnens 137
APPENIX A — ChEPLEE 3 ...ttt b et sb e b b e 139
APPENTIX B — ChaPLEr 5 ...t et 157
N oo 1=] Lo [ R O g T | (=T o TP 165
APPENTIX D — ChAPLEE 7 ..t e e e ne e 182
Appendix E — Multivariate Kendall’s Tau (Tau-N) .....cccccooiiriiiiinininiee e 207

RETEIEICES ...ttt e e et e e ettt e e e e e ea e eeeeeeeeeaae e eeeeeeeeeeaannrareraeeeen 221



List of Tables |9

List of Tables

Table 2.1. Summary of main physiological features of NOB genera (Nitrobacter: Nb; Nitrospira:

Ns; Nitrospina: Nn; Nitrotoga: Ng; Nitrococcus: Nc). Nitrolancaea and Candidatus Nitromaritima

genera Were NOL INCIUAE. ........cov ittt s be e e besteeaesreereenren 43
Table 3.1. Summary of the kinetic parameters of nitrifiers (AOM, CMX, NOB) used in this study.
.......................................................................................................................................................... 57
Table 4.1. Example of statement of model components D, Q, I, A, F...........c.ccccoovveiviveieiineinennnns 72

Table 5.1. Comparison between existing Individual-based Models for microbial populations ....78
Table 6.1. Definition of eco-interactions. Summary of ecological net effect on bacteria and their
respective metabolic stoichiometries. Full stoichiometric matrix in Table C.2.........c.ccccoeviiiennene 92
Table 7.1. Comparison between experimental and estimated growth yield values (in molcx/moly)
of comammox Nitrospira’s activities with current methodology in this study and TEEM?2. The
growth yield of anammox bacteria (AMX) is also included in the table (average of experimental data
TPOM TIEEIATUIE) ...ttt ettt b bbb eb e e nre 115

Table A.1. Arrhenius coefficient (6) of nitrifying bacteria and archaea. Effect of temperature on
MAXIMUM GEOWEN FALE. ..ot b e s beere e s besreebesteeneeneas 140

Table A.2. Maximum specific growth rate (Lmax) values at 20°C of nitrifying bacteria and archaea.

........................................................................................................................................................ 141
Table A.3. Specific affinity for oxygen (a%) of nitrifying bacteria and archaea. ...................... 142
Table A.4. Specific affinity for ammonia (a’ns) of ammonia oxidizing bacteria and archaea. 142
Table A.5. Specific affinity for nitrite (a’no2) of nitrite oxidizing bacteria. ...........cccoevevvevevnnne. 143
Table A.6. Biomass growth yield (Yxs) of ammonia oxidizing bacteria and archaea. ................ 143
Table A.7. Biomass growth yield (Yxs) of nitrite oxidizing bacteria. .......c..ccccooeevvvveinnivnieennnn, 144

Table A.8. Inventory of the terminal oxidases of ammonia and nitrite oxidisers. The presence of
terminal oxidase in each nitrifier groups is indicated with their references. ..........c.ccceeeieiiinnnns 144
Table A.9. Intrinsic half-saturation constant for oxygen (Koz) of terminal oxidases isolated in
L1 =T PSSR 144
Table A.10. References of apparent substrate affinity (Kmeapp) for Oz of nitrite-oxidizing bacteria
[([] =) OO 145
Table A.11. Summary and description of the data collected from literature of considered ammonia
oxidizers. References are provided in Supplementary Tables. .........ccocoooiiiiiiiiii e 146
Table A.12. Summary and description of the data collected from literature of considered nitrite

oxidizers. References are provided in Supplementary Tables. .........ccocooiiiiiiiii e 147



List of Tables | 10

Table C.1. Summary of kinetic parameters of microbial populations (B1, B2, B3) for all simulation
=] (0TSSR SSPN 167

Table C.2. Stoichiometric matrix of microbial populations (B1, B2, B3) for all simulation setups.

Table C.3. Details of simulation experiments. For each setup, eco-interactions between microbial
species, environment of the reactor, and substrate concentrations on bulk liquid ([A], [B], [C] and

[D]) are specified. Also, it includes in which Figures the results are shown. ...........cc.ccoecevviienens 169

Table D.1. Key parameter values to calculate AGCat01 of Nitrospira metabolic activities. Values
of standard reduction potential at pH 7 (Wi) are from eQuilibrator 3.0 (Beber et al., 2022). yA * is
the number of electrons “accepted’ per mole of electron acceptor. ...............cccocevviiiiiiiiiiinencn, 187
Table D.2. List of general parameters used in all simulation experiments.............cccccevvvveenenn. 188
Table D.3. Summary of growth kinetics of comammox Nitrospira and anammox bacteria. Specific
maintenance rate (a) was assumed to be 10% of the maximum growht rate (Umax) (Bodegom, 2007).
KS, N —half saturation constant for substrate N; K1, 02 — inhibition constant for O,. Growth kinetic
parameters are established assuming non-kinetic competition between metabolic activities of

comammox Nitrospira and anammox bacteria, consistent with the values reported for anammox

bacteria (Straka, 2019; van der Star et al., 2008). .........cceoriiriririiereeee s 189
Table D.4. Summary of oxygen tolerance of anammox bacteria from literature............c........... 190
Table D.5. Metabolic stoichiometries of Nitrospira metabolisms and anammox bacteria.......... 191

Table D.6. Evaluation of € value for aerobic nitrifiers (AOB, NOB, and comammox Nitrospira).

Table D.7. Statistical significance (p-value) from comparison of relative abundances of
comammox Nitrospira metabolisms and anammox across the different oxygen concentration. A)
Ammonia feeding (NH3:NO2:NO3z = 500:0:0 pM). B) Equimolar feeding
(NH3:NO2:NO3 = 500:500:500 pM). C) Non-equimolar feeding (NH3:NO2:NO3 =
500:375:500 pM). Symbol legend: ns — not significant; * —p < 0.05; ** —p < 0.01; *** —p < 0.001.

Table D.8. Statistical significance (p-value) from comparison of relative abundances of
comammox Nitrospira metabolisms and anammox across the different N feeding regimes. A)
Hypoxic environment with 1.0 pM O,. B) Hypoxic environment with 1.5 pM O,. C) Hypoxic
environment with 3.0 uM O,. D) Aerobic enviornment with 93.8 pM O,. Symbol legend: ns — not
significant; * — p < 0.05; ** — p<0.01; *** — p <0.001. Feeding regimes (NH3:NO2:NO3):
ammonia feeding — 500:0:0 uM; equimolar feeding — 500:500:500 pM; non-equimolar feeding —
500:375:500 M. ..ottt bbbttt et 194
Table D.9. Statistical significance (p-value) from comparison of Nitrospira’s metabolism ratio
represented as In(A/B) at different nitrogen feeding regimes (NH3:NO.:NOsz) and oxygen

concentrations. A) Metabolic ratios between CMX and division of labour (AO+NQO). B) Metabolic



List of Tables | 11

ratios between CMX and AO. Symbol legend: ns — not significant; * — p < 0.05; ** — p < 0.01.
Feeding regimes (NH3:NO2:NO3): ammonia feeding — 500:0:0 uM; equimolar feeding —
500:500:500 puM; non-equimolar feeding — 500:375:500 UM. ......coivieiiiiiiieie e 194
Table D.10. Summary of higher-order interactions (HOI) that influenced the community assembly

of comammox Nitrospira and anammox bacteria. Continuation of Table D.10 on the next page.

Table D.11. Statistical significance (p-value) from comparison of relative abundances of
comammox Nitrospira metabolisms and AMX across the different oxygen concentration.
Assuming nitrite affinity of comammox Nitrospira equal to A) 1.0 uM of NO2', B) 12.5 uM of NOx
and C) 449.2 uM of NO>". Symbol legend: ns — not significant; * —p < 0.05; ** —p < 0.01; *** —p

Table D.12. Statistical significance (p-value) from comparison of relative abundances of
comammox Nitrospira metabolisms and AMX across the different nitrite affinities of comammox
Nitrospira. A) Hypoxic environment with 1.0 uM O.. B) Hypoxic environment with 1.5 uM O,. C)
Hypoxic environment with 3.0 uM O.. Symbol legend: ns — not significant; * — p < 0.05; ** —
P <0.0L; *** — P < 0.00L. oo nns 197

Table E.1. Examples of data trend measurement (zN) for H(51,52) € R2 and H(51,52,53) €

1 JA TR 217
Table E.2. Examples of data trend measurement (zN) for H(51,52,53,54) € R4.................. 218
Table E.3. Examples of data trend measurement (zN) for H(S1,52,53,54,55) € R5............. 219

Table E.4. Examples of data trend measurement (zN) for H(S1,52,53,54,55,56) € R6......220



List of Figures | 12

List of Figures

Figure 1.1. Evolution of our understanding of nitrification from A) pre-1995 to B) today.......... 30
Figure 2.1. Major processes of nitrogen cycle according to the redox state. Nitrogen inventory for
organic nitrogen, ammonia, nitrate, nitrous oxide gas and dinitrogen gas (grey squares), and
estimated conversions (green, blue and salmon squares) are included. The interconversion of
ammonia and organic nitrogen (organic-N) does not involve a change in the redox state of the
nitrogen atom. The ammonia inventory is found mainly in rocks and sediments. This ammonia
becomes available with the erosion. Whereas the terrestrial inventory of ammonia is known, the
marine inventory is estimated to be between 340 and 3600 Tg-N. DNRA refers to dissimilatory nitrate
reduction to ammonia. Anthropogenic flux from (Battye et al., 2017; Tian et al., 2020). The
anthropogenic nitrogen fixation includes N-fixing crops and the synthesis of NHs; by Haber-Bosch
process. Figure adapted from (Kuypers et al., 2018). .......cccviiiiiiiiiniieeee e 34
Figure 2.2. Schematic illustration of electron transport and generation of proton motive force
(energy metabolism) in ammonia-oxidizing bacteria (AOB). CBB represents the Calvin-Bassam-
Benson cycle. Complex | is the NADH ubiquinone oxidoreductase. Complex Il is the succinate
dehydrogenase. Complex Il (ubiquinol-cytochrome ¢ reductase) and complex IV (cytochrome aas)
are the sites where electron transport is coupled to proton pump. Complex V is the ATP synthase,
the site of oxidative phosphorylation to generate ATP. Black arrows with H* labels represent the
proton flux through the periplasmic membrane. Double thick lines represent the cell wall. ........... 38
Figure 2.3. Reconstruction of the proposed pathways of ammonia oxidation, electron transfer and
generation of proton motive force (energy metabolism) in ammonia-oxidizing archaea (AOA). A)
Hypothetical two-step model (proposed by Kozlowski et al. (2016)). B) Hypothetical three-step
model (proposed by Lehtovirta-Morley (2018)). Complex I is the NADH ubiquinone oxidoreductase.
QRED is the quinone reductase. HURM represents the hydroxylamine ubiquinone redox module.
Cup represents the cupredoxin-like proteins. Complex Il is the succinate dehydrogenase. Complex
I11 (ubiquinol-cytochrome bc: reductase) and complex IV (cytochrome aas) are the sites where
electron transport is coupled to proton pump. Complex V is the ATP synthase, the site of oxidative
phosphorylation to generate ATP. Black arrows with H™ labels represent the proton flux through the
periplasmic membrane. Double dashed lines represent the S-1ayer..........ccooeviiininiicicn 40
Figure 2.4. Proposed NO dismutation of N. maritimus. Coupling of ammonia oxidation and NO
dismutation under anoxic conditions (presence of nitrite). The dismutation of NO to O (ag.) and N.O
(ag.) is thermodynamically favourable (AG®= —165 kJ/mol Q). Figure adapted from Kraft et al.
(2022). ...ttt R et Rt R et R et e Re R R et et et et et et ete e ere e ereeas 41



List of Figures | 13

Figure 2.5. Schematic illustration of electron transport and generation of proton motive force
(energy metabolism) in nitrite-oxidizing bacteria (NOB). A) All NOB genera. B) Specific of NOB
genera. Complex | is NADH ubiquinone oxidoreductase. Complex Il is the succinate dehydrogenase.
Complex I (ubigquinol-cytochrome ¢ reductase) and complex 1V (terminal oxidase, cyt. aas, cyt. bd-
like or cyt. cbbs) are the sites where electron transport is coupled to proton pump. Complex V is the
ATP synthase, the site of oxidative phosphorylation to generate ATP. Complex I, Il, Il and V are
found in all NOB genera. The enzymatic differences of ETC between NOB genera are found on NXR
and complex IV. Black arrows with H* labels represent the proton flux through the periplasmic
membrane. Double thick lines represent the cell wall. ... 42
Figure 2.6. Schematic illustration of electron transport and generation of proton motive force
(energy metabolism) in comammox Nitrospira (CMX). rTCA represents the reductive tricarboxylic
acid cycle. Complex | is the NADH ubiquinone oxidoreductase. Complex Il is the succinate
dehydrogenase. Complex 111 (ubiquinol-cytochrome ¢ reductase) and complex IV (cytochrome aas)
are the sites where electron transport is coupled to proton pump. Complex V is the ATP synthase,
the site of oxidative phosphorylation to generate ATP. Black arrows with H* labels represent the
proton flux through the periplasmic membrane. Double thick lines represent the cell wall. Figure
adapted from (Daims €t @l., 2015). ......ociiiiiiiiiieieeee e 44
Figure 2.7. Current view of anammox process. Electron transport and generation of proton motive
force (energy metabolism) in anammox bacteria (AMX). Substrates (NH4* and NO,") and product
(N2) in green. Nir is the nitrite reductase. HZS is the hydrazine synthase. HDH is the hydrazine
dehydrogenase. HOX is the hydroxylamine oxidase. NXR is the nitrite oxidoreductase. Nrf is the
nitrite reductase forming ammonium. R/b are Rieske-heme b complexes (bcl complexes). ETM is a
yet-to-be identified electron transfer module. Black arrows with H™ labels represent the proton flux
and through the periplasmic membrane and proton generation. Dashed lines depict reactions and
processes to be established. Figure adapted from (Kartal & Keltjens, 2016)........c.cccccovevveeiirennene. 46
Figure 2.8. Contribution of nitrification to N,O emissions. A) Biotic (black arrows) and abiotic
(red arrows) processes leading to N-O production in nitrifiers. Participating enzymes are noted
above or below the arrows. “Edis?” represents the unknown enzyme that would catalyse the NO
dismutase to N.O and O, in AOA (Kraft et al., 2022). The key enzymes for each nitrifier are listed
below the scheme. Only the hypothetical two-step pathway of AOA is represented in dotted arrow
(catalysed by hypothetic HURM enzyme). B) Influence of oxygen availability to N2O yield in AOB
(expressed as N.O/NO; ratio). Marine Nitrosomonas — (Goreau et al., 1980); Mixed culture (from
soil) — (Khalil et al., 2004; Zhu et al., 2013); Nitrosomonas europaea — (Lipschultz et al., 1981)..47
Figure 2.9. Trophic network of nitrification associated with the exchange of nitrogenous
compounds. A) Scheme illustration of interactions between ammonia oxidizers (AOB, AOA and
CMX), nitrite oxidizers (NOB) and anammox bacteria (AMX) considering the three main substrates
of nitrification — NHs, NO, and NOs. WCMX release NO;™ at high concentration of NHs (Daims et
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al., 2015). B) Nitrification by reciprocal feeding. Colour legend: nitritation — yellow arrows;
nitratation — green arrows; comammox process — blue arrow; anammox process — brown arrows;
MINEFAlIZAtION — FEA AITOWS. .. .eviitiieiesieieeie sttt sttt b e bbbttt b bbb ne e 49
Figure 3.1. Maximum specific growth rate (Lmax) With A) specific affinity for ammonia (a’ws3) and
B) growth yield (Yxs) of ammonia-oxidizing microorganisms (AOB, AOA and CMX). The black
bars show the range of pmax values; green bars represent the range of a’uz value for ammonia
(Figure 3.1A); and red bars represent the range of Yxs values (Figure 3.1B). Blue: non-marine
nitrifiers; orange: marine nitrifiers. Legend bottom of figures: B — Bacteria; A — Archaea;
C — Complete ammonia oxidizer. Dashed lines cross the calculated average value for each
parameter function of the range of values reported............cccoviiiiiinineieic e 59
Figure 3.2. Maximum specific growth rate (max) With A) specific affinity for nitrite (a’o02) and B)
growth yield (Yxs) of nitrite-oxidizing bacteria. The black bars show the range of pmax values; green
bars represent the range of a’no2 values (Figure 3.2A); red bars represent the range of Yxs value
(Figure 3.2B). Blue: non-marine nitrite oxidizers; orange: marine nitrite oxidizers. Legend bottom
of figures: C — NOB with cytoplasmic NXR; P — NOB with periplasmic NXR. sP — NOB with soluble
periplasmic NXR. Dashed lines cross the calculated average value for each parameter function of
the range Of VAlUES FEPOITEA. .......ocuiiiiieeieeiee bbb 62
Figure 3.3. Oxygen competition. A) Maximum specific growth rate (Umax) With specific affinity for
oxygen (a%g) for all the nitrifiers’ populations considered. The black bars show the range of pmax
values; dark green bars represent the range of a’o, values; and dashed connect the average of each
value range. Blue: marine nitrifiers; orange: non-marine nitrifiers. Legends: AOB — Ammonia-
oxidizing bacteria; AOA — Ammonia-oxidizing archaea; P-NOB — NOB with periplasmic NXR;
C — NOB with cytoplasmic NXR. On the bottom of tags, in parentheses, the terminal oxidase that
each group uses to reduce oxygen is shown (Table A.8). Dashed lines cross the calculated average
value for each parameter function of the range of values reported. B) Apparent substrate affinity
(Kmapp)) for oxygen of NOB. Kmeapp) values are given for growth measurements (circles) and activity
measurements (diamonds). Marker colour legend: Red — NOB with heme-copper oxidase aas-type
as terminal oxidase; Green — NOB with putative cytochrome bd-like oxidase as terminal oxidase;
Grey — NOB with heme-copper oxidase cbbs-type as terminal oxidase. [OMZ]: samples from oxygen
minimum zones (OMZ). Knapp) Of Nitrospinae is significantly different from that of Nitrospira and
Nitrobacter species (p < 0.0001) and Km@pp) Of Nitrospira species are significantly different from
that of Nitrobacter species (p < 0.0001). References of Kmepp) values in Table A.10. .........ccceeveee 64
Figure 4.1. Modelling-experimental cycle. Integrated development of experimental and modelling
methodologies can lead to higher levels of predictive capacities and operation control. Dotted green
arrow depicts the methodology presented here — theoretical model before experimentation. ......... 69

Figure 4.2. Schematic representation of in-silico bottom-up methodology. ...........cccceverviviinnne. 70
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Figure 4.3. Life cycle of a mathematical model (M). PR represents the peer-review process of the
model, in which decides if the model is able to contribute to the current knowledge (K) or not ().
Ma(D,Q) is the formal representation of a mathematical model based on a specific domain (D),
scientific question (Q), and approach (a = I, A, F). Abstraction: obtention of information from
domain. Formalization: definition of interpretation (I), assumptions (4) and formalism (F). ........ 71
Figure 5.1. Representation of simulation domain. A) Granular version. B) Suspension version..79
Figure 5.2. Hypothetical position of microbes in a node. Only “microbe A” belongs to node Ij
because its centre is inSide the NOGE. ........ccoeiiiiiie e 80
Figure 5.3. Microbial division and inactivation. « is any stochastic value between 0.45 — 0.55. Max
and Mpin refer to the maximum and minimum mass that microbe can reach, respectively. ............. 82
Figure 6.1. Classification of eco-interactions between species. Cross-feeding (or syntrophy) and
co-protection (or symprostasy) are two specific eco-interactions belonging to mutualism (positive
effect for both INTEracting SPECIES). ....civiiiieiie et sbe s te e s reereere 90
Figure 6.2. Representation of eco-interactions among B1 (purple), B2 (green) and B3 (orange).
A) Neutralism: [0,0,0]; no impact on B1, B2 and B3. B) Competition: [-,——]; negative impact on
B1, B2 and B3. C) Commensalism: [0,+,+]; no impact on B1, positive impact on B2 and B3. D)
Commensalism + competition: [0,+,+] or [-——]; impact on B1, B2 and B3 is defined by the
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Figure 6.3. Spatial distribution of microbial populations at different substrates concentrations.
A) Aggregate pictures captured after 8 d of simulation considering neutralism, competition and
commensalism with [S]r =100 mM. B) Aggregate pictures captured at 10d of simulation
considering neutralism, competition and commensalism with [S]r = 10 mM. C) Aggregate pictures
captured at 15d of simulation considering neutralism, competition and commensalism with
[S]r = 1 mM. None of the simulations are in steady state yet. Black solid line on bottom-right of
aggregates represent the scale bar. Substrate profiles on the transverse plane of aggregates have
been INCIUAEA ON FIGUIE C.2. . ...i ettt sttt be e s be st et e s beesb e beene et e 97
Figure 6.4. Neutralism [0,0,0]. A) Relative abundances of B1, B2 and B3 populations in the
community. Dashed red lines indicate 33.33% and 66.66% relative abundances. B) Microbial fitness
(median, F) is calculated in all replicates (n =3 for 1.0 mM and 0.5 mM, n=6 for 0.2 mM).
Asterisks indicate the significance level of the difference between B1, B2 and B3 specific growth rate.
C) Aggregates captured at steady state (75 d for 1.0 mM and 0.5 mM, 100 d for 0.2 mM). Inactive
bacteria are shown in a lighter colour. Black solid lines on bottom represent the scale bars.
Significance level legend: ns, not significant; *, p < 0.05; **, p <0.01; *** p <0.001................ 98
Figure 6.5. Competition [-,——]. A) Relative abundances of B1, B2 and B3 populations in the
community. Dashed red lines indicate 33.33% and 66.66% relative abundances. B) Microbial fitness
(median, F) is calculated in all replicates (n = 3 for 1.0 mM and 0.5 mM; n =6 for 0.2 mM and

0.1 mM). Asterisks indicate the significance level of the difference between the specific growth rate
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of B1, B2 and B3 populations. C) Aggregates captured at steady state (50 d for 1.0 mM and 0.5 mM,
75 d for 0.2 mM and 0.1 mM). Inactive bacteria are shown in a lighter colour. Black solid lines on
bottom represent the scale bars. D) Average relative size of colonies (with respect to the total
perimeter of the aggregate) is calculated in all replicates (n = 3 for 1.0 mM and 0.5 mM; n = 6 for
0.2 mM and 0.1 mM). Asterisks indicate the significance level of the difference between substrates

concentrations. Significance level legend: ns, not significant; *, p <0.05; **, p <0.01; ***,

Figure 6.6. Commensalism [0,+,+]. A) Relative abundances of B1, B2 and B3 populations in the
community. Dashed red lines indicate 33.33% and 66.66% relative abundances. Square brackets
with asterisks indicate the significance level of the difference between relative abundances between
populations. Colour of asterisks points out what bacteria it refers to. B) Microbial fitness (median,
F) is calculated in all replicates (n = 3 for 1.0 mM and 0.5 mM; n =6 for 0.2 mM and 0.1 mM).
C) Aggregates captured at steady state (50 d for 1.0 mM and 0.5 mM, 75 d for 0.2 mM and 0.1 mM).
Inactive bacteria are shown in a lighter colour. Black solid lines on bottom represent the scale bars.
D) Transient change of growth rate ratios of active B2 and B3 over B1 (uB2uB1 and uB3uB1,
respectively) in all replicates (n = 3 for 1.0 mM and 0.5 mM; n = 6 for 0.2 mM and 0.1 mM). Growth
rate ratios, normalise the comparison and reduce the influence of substrate concentration in the
analysis. Dimensionless time was applied to compare simulations with different time length (tmax).
Asterisks indicate the significance level of difference between 1.0 mM and the other concentrations
(1.0 mM vs 0.5 mM; 1.0 mM vs 0.2 mM; 1.0 mM vs 0.1 mM). Colour of asterisks: red — growth rate
ratio at [S] is lower than that at 1.0 mM; blue — growth rate ratio at [S] is higher than that at 1.0 mM.
Significance level legend: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Width of the
lines indicate the time to which the significance level corresponds. Colour of the lines: green — B2;
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Figure 6.7. Aggregates captured at steady state considering commensalism and competition for
O.. Steady state times: 50d for [S]r = 1.0 mM, 0.5 mM, 0.1 mM and [O]. = 10 mg/L, 6 mg/L; 75d
for [S]y = 1.0mM, 0.5mM, 0.1 mM and [O]. = 1mg/L; 100d for [S]r = 0.05mM and
[O]. = 10 mg/L, 6 mg/L, 1 mg/L. Inactive bacteria are shown in a lighter colour. Substrate profiles
on the transverse plane of aggregates have been included on Figure C.5. Aggregates captured at
STRATY SLATE. ...ttt bbbt bbb ettt h bbb b e 104
Figure 6.8. Eco-interaction modulus diagram for simulations considering commensalism and
competition for O, with [A] =1.0 - 0.1 mM and [O] = 14 — 1 mg/L. Aggregates captured at steady
state (75d for [S]r = 1.0 mM and [O-] = 1 mg/L; 50 d for all other conditions). Inactive bacteria
are shown in a lighter colour. Eco-interaction modulus calculated by Eq. 6.5 for each replicate.
Colour legend: B1 — purple; B2 — green; B3 — OFange........ccooeeeeriereiieseeeese e 107
Figure 6.9. Influence of shear force (detachment) to spatial distribution of microbial populations.

Aggregates captured at 50d when a maximum radius of 30 um (due to the detachment) was
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considered. Aggregates captured at 50d. Three conditions were evaluated — competition
([S]r = 0.2 mM), commensalism ([S]r = 0.1 mM), and commensalism + competition ([S]r = 0.1 mM
and [O2] =10 mg/L). Inactive bacteria are shown in a lighter colour. Substrate profiles on the
transverse plane of aggregates have been included on Figure C.11. The simulation experiments
including detachment were started with the same inoculum as those without detachment with the
objective to observe the genuine impact of the shear force in the spatial distribution of the microbial
[S10] 001 = AT ] 1S PSR 108
Figure 7.1. Influence of nitrogen feeding regime (defined by NH3:NO.:NQO;s ratio) and oxygen
concentration (1.0, 1.5, 3.0 and 93.8 uM) on comammox Nitrospira and anammox bacteria
community. Relative abundances of Nitrospira (AO, NO, CMX, NRMX and An-NRMX) and
anammox bacteria (AMX), with each correspondent floc images (bottom panels) under A) ammonia
feeding (NH3:NO2:NO3; = 500:0:0 uM), B) equimolar feeding (NH3:NO2:NO; = 500:500:500 uM),
and C) non-equimolar feeding (NH3:NO2:NO; = 500:375:500 uM). The statistical significance
between different oxygen concentrations and nitrogen feeding regimes are shown in Tables D.7 and
D.8, respectively. Labels over each bar show Anammox:Nitrospira ratio at steady state. Black circles
on floc images represent inactive individuals. Additional floc images of comammox Nitrospira and
anammox community are Shown in the FIgure D.2. ... 120
Figure 7.2. Value of metabolic heterogeneity for comammox Nitrospira. A) Impact of metabolic
heterogeneity on the survival of comammox Nitrospira under hypoxic conditions (1.0 and 1.5 uM of
0O) applying equimolar feeding (NH3:NO2:NO; = 500:500:500 uM) and non-equimolar feeding
(NH3:NO2:NO3z = 500:375:500 pM). MF — simulation experiments considering metabolic flexibility
in Nitrospira; oCMX —simulation experiments considering that Nitrospira only performs CMX
activity. Asterisks denote p-value significance where *, p <0.05; **, p<0.01; *** p <0.001.
B) Ecological analysis at floc level (pairwise interactions) under conditions where comammox
Nitrospira and anammox bacteria remained active (1.0 and 1.5 uM of Oz). Ammonia feeding
(NH3:NO2:NO3 = 500:0:0 uM, left panels); equimolar feeding (NH3:NO2:NO3; = 500:500:500 pM,
centre panels); non-equimolar feeding (NH3:NO2:NO3; = 500:500:500 uM, right panels). Kendall’s
7 values of metabolisms are presented on a colour scale. Dotted cells indicate p-value significance
where =, p < 0.05; ==, p <0.01; ===, p <0.001. Cross symbol (x) indicates no co-existence of the
metabolic pair at the end of the simulation experiments. Bottom-right labels indicate the ecological
interaction of metabolic pair: CC — Commensalism+Competition; SC — Syntrophism+Competition;
C — Competition. Sample sizes employed for Kendall’s t calculation are shown in Figure D.5....123
Figure 7.3. Influence of nitrogen feeding regime (ammonia, equimolar and non-equimolar
feeding) and oxygen concentration (1.0, 1.5, 3.0 and 93.8 pM) on the anaerobic oxidation
performance (ammonia and nitrite oxidation to N2) expressed as percentage. Data labels depict
the relative abundance of anaerobic activities (An-NRMX and AMX). Nitrogen feeding regimes:

ammonia feeding — 500:0:0 uM; equimolar feeding — 500:500:500 uM; non-equimolar feeding —
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500:375:500 uM. Error bars show standard deviation of n = 3 simulation replicates. Bars that do
not share similar letters denote statistical significance, p < 0.05. For more information about the
calculus of the anaerobic oxidation performance see Methods — Parameters for the quantification of
NITFOGEN FEMOVAL ...t sttt et et e e st e st e s te e b e s beesbestesreebesteeneenras 125
Figure 7.4. Influence of ammonia concentration to the transient accumulation of nitrite at
93.8 uM of O,. Three ammonia concentrations were tested. Only 60 — 120 hours are shown (full
simulation in Figure D.7): 100 uM of NH3 (panels A), 500 uM of NH3 (panels B), and 1000 uM of
NHs (panels C). Left panels show the dynamics of nitrogen compounds (NHs, NO, and NOs) at the
early stages of simulation. Right panels show the evolution of relative abundances of comammox
Nitrospira and anammox bacteria. Error bars show standard deviation of n =3 simulation
replicates. If not visible, error bars are smaller than symbols. Gray dashed lines in right panels
(dynamics of metabolic activities) depict the time with the maximum concentration of nitrite. .....127
Figure 7.5. Influence of nitrite affinity (Kno2) of comammox Nitrospira on community assembly
applying non-equimolar feeding (NH3:NO2:NO3z; =500:375:500 uM) and hypoxia conditions
(1.0 pM, 1.5 uM and 3.0 uM of O). Relative abundances of Nitrospira metabolic activities (AO,
NO, CMX, NRMX and An-NRMX) and anammox bacteria (AMX), with each correspondent floc
images (bottom panels) assuming nitrite affinity (Knoz) equal to A) 1.0 uM of NO_, B) 12.5 uM of
NO; and C) 449.2 uM of NO;". Nitrate affinity of comammox Nitrospira was assumed equal to nitrite
affinity value. Labels over each bar show Anammox:Nitrospira ratio at steady state. The statistical
significance between different oxygen concentrations and nitrite affinities are shown in Tables D.11
and D.12, respectively. Black circles on floc images represent inactive individuals. .................... 129
Figure 7.6. Influence of nitrite affinity (Kno2) of comammox Nitrospira on transient accumulation
of nitrite (expressed as percentage) at 93.8 uM O,. Only ammonia was fed (1000 uM NHs). Error
bars show standard deviation of n = 3 simulation replicates. Bars that do not share similar letters

denote statistical significance, P < 0.05. ....cvoiiiiiiecce s 130

Figure A.1. A) Maximum specific growth rate of (LUmax) of AOB and AOA as a function of the pH.
Dashed lines represent AOA and solid lines represent AOB. Doted red line represents the percentage
of free ammonia (NHs) and doted black line represents the percentage of ammonium (NH.4") in
function of pH. References: (Anthonisen et al., 1976; Antoniou et al., 1990; French et al., 2012;
Jiang, 1999; Jung et al., 2011; Kimet al., 2012; Li et al., 2016; Qin et al., 2014; Tourna et al., 2011).
B) Maximum specific growth rate of (Umax) of NOB as function of the pH. Dashed lines represent
species belonging of genus Nitrospira and solid lines represent species belonging of genus
Nitrobacter. References: (Blackburne et al., 2007a, 2007b; Boon & Laudelout, 1960; Hunik et al.,
1993; Keen & Prosser, 1987; Kitzinger et al., 2018; Wegen et al., 2019; Zhang et al., 2018)......148
Figure A.2. Regression fits to different kinetic datasets of nitrifiers and their corresponding
Pearson correlation coefficient (r) with significance (p value) and sample size (n). A) Umax Versus
a’nns of AOB, AOA and CMX B) pmax Versus a’nns of AOB only C) pmax Versus a’nks of AOA only D)
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Mmax Versus Yxs of AOB, AOA and CMX (excluding acidophilic AOB) E) Umax Versus Yxs of AOA only
F) Hmax Versus Yxs of AOB only G) pmax Versus a’noz of NOB H) pmax versus Yxs of NOB 1) pmax VErsus
%02 OF AOB, AOA NG NOB. ...ttt eeeeeeee et ee e eeetee et et eteeeee et eteee et et eeeseeeetesereseateseseeseeeseeseeeerenens 149
Figure A.3. AOB and AOA maximum growth rates (Umax) from distinct environments. P-values
(One-way ANOVA) between environments on bottom table. Number of bibliographic data is
indicated above each boxplot. Boxplots depict the 75-100% quantile range, with the centre line
depicting the median (50% quantile) and crosses depicting the average value. Data of each
environment are shown as points. Table legend: Sedim — Sediments; WatCol — Water column;
HotWat — Hot water; AcidSoil — Acidic soil; WWTP — Wastewater Treatment Plant.................... 150
Figure A.4. AOB and AOA growth yields (Yxs) from distinct environments. P-values (One-way
ANOVA) between environments on bottom table. Number of bibliographic data is indicated above
each boxplot. Boxplots depict the 75-100% quantile range, with the centre line depicting the median
(50% quantile) and crosses depicting the average value. Data of each environment are shown as
points. Table legend: WWTP — Wastewater Treatment Plant............cccoooeveininininncnenciccee 151
Figure A.5. AOB and AOA specific affinity for ammonia (a’\ns) from distinct environments. P-
values (One-way ANOVA) between environments on bottom table. Number of bibliographic data is
indicated above each boxplot. Boxplots depict the 75-100% quantile range, with the centre line
depicting the median (50% quantile) and crosses depicting the average value. Data of each
environment are shown as points. Values of a’ws were logso transformed before statistical analysis
due to the order of magnitude difference in the determined values. ...........ccooevviieieieciccice e, 152
Figure A.6. NOB maximum growth rates (Umax) from distinct environments. P-values (One-way
ANOVA) between environments on bottom table. Number of bibliographic data is indicated above
each boxplot. Boxplots depict the 75-100% quantile range, with the centre line depicting the median
(50% quantile) and crosses depicting the average value. Data of each environment are shown as
points. Table legend: OMZ — Oxygen Minimum Zone; Water col. — Water column; WWTP —
Wastewater TreatMent PIANT............cviiiiiiie e enea 153
Figure A.7. NOB growth yields (Yxs) from distinct environments. P-values (One-way ANOVA)
between environments on bottom table. Number of bibliographic data is indicated above each
boxplot. Boxplots depict the 75-100% quantile range, with the centre line depicting the median (50%
guantile) and crosses depicting the average value. Data of each environment are shown as points.
Table legend: WWTP — Wastewater Treatment Plant. ..o 154
Figure A.8. NOB specific affinity for nitrite (a’no2) from distinct environments. P-values (One-way
ANOVA) between environments on bottom table. Number of bibliographic data is indicated above
each boxplot. Boxplots depict the 75-100% quantile range, with the centre line depicting the median
(50% quantile) and crosses depicting the average value. Data of each environment are shown as

points. Values of a’No. were logio transformed before statistical analysis due to the order of



List of Figures | 20

magnitude difference in the determined values. Table legend: WWTP — Wastewater Treatment Plant.

Figure A.9. AOB, AOA and NOB specific affinity for oxygen (a%) from distinct environments.
P-values (One-way ANOVA) between environments on bottom table. Number of bibliographic data
is indicated above each boxplot. Boxplots depict the 75-100% quantile range, with the centre line
depicting the median (50% quantile) and crosses depicting the average value. Data of each
environment are shown as points. Values of a’o2 were logso transformed before statistical analysis
due to the order of magnitude difference in the determined values. Table legend: WWTP —

WaSteWater TreatMENT PIANT.........ooiiiriie ettt et e e s st e e s st e e s sttt e s st et e e sabaeeesabaeeesarees 156

Figure B.1. Quadtree representation (capacity = 1). Each circle represents a microbe in the system.
Subregions are labelled clockwise (see blue grid on bottom-left of figure)........cc.ccooevvveiiicnnnnnn 158
Figure B.2. Selection of neighbours (green circles) of microbe m (blue circle). The centre of circle
(black dot) indicates the exact position of microbe. In this example, quadtree capacity is 4 (i.e.,
maximum 4 microbes per region). Green square represents the neighbourhood zone of microbe m
(blue circle), and dashed orange square shows all regions that intersect with the neighbourhood
ZONE OF MICTODE M. . ettt e e e steere e resre e e e 158
Figure B.3. Scheme of shoving algorithm. Legend: m.shx and m.shy — displacement of microbe m
due to shoving of the others; m.NBR — neighbours of microbe m...........cccocoveivviiei i, 159
Figure B.4. Detection of diffusion region. A) Representation of preliminary diffusion region (green
square). Legend: BL — boundary layer. B) Neighbouring grid cells (green squares, gi, j) of a specific
boundary grid cell with microbes (blue square) with potential to be included in diffusion region.

........................................................................................................................................................ 160
Figure B.5. Algorithm of diffusion region determination. ............ccccooveviiiinininineseeees 161
Figure B.6. Algorithm scheme of the integration ProCeSS. ..........ccceoiiiriiniienene e 162

Figure C.1. Influence of inoculum size and substrate gradients on intermixing of microbial
populations considering neutralism, competition and commensalism with [S]r = 100 mM.
A) Aggregate pictures captured at 8 d of simulation starting with an inoculum size of 20 um
(diameter) and considering diffusion resistance of substrates. B) Aggregate pictures captured at 4 d
of simulation starting with an inoculum size of 160 um (replicating the starting point of Mitri et al.
(2016)) and removing the substrate gradients (no diffusion resistance). None of the simulations are
1N STEAAY STALE VL. ....veeeeeiiei ettt bbbttt b bbb e e ene s 170
Figure C.2. Substrate profiles on the transverse plane of aggregates considering neutralism,
competition or commensalism. A) Substrate profiles from simulations at [S]r= 100 mM (t = 8 d).
B) Substrate profiles from simulations at [S]r=10mM (t=10d). C) Substrate profiles from
simulations at [S]r= 1 mM (t = 15d). Legend: [A] — purple line; [B] — green line; [C] — orange line.
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Figure C.3. Regression fits to different relative abundance/microbial fitness data pairs from
simulation experiments with their corresponding Pearson’s coefficient (r) with their significance
value (p-value) and sample size (n). A) Neutralism simulations. B) Competition simulations.

C) Commensalism simulations. Legend: B1- purple circles; B2 — green circles; B3 — orange circles.

Figure C.4. Substrate profiles on the transverse plane of aggregates considering commensalism.
Legend: [A] — purple line; [B] — green ling; [C] —orange liNe. .......cccccovvviveveiiviie e 173
Figure C.5. Substrate profiles on the transverse plane of aggregates considering commensalism

and competition. Legend: [A] — purple line; [B] — green line; [C] — orange line; [O2] — black line.

Figure C.6. Relative abundance of active bacteria from simulation experiments considering
commensalism and competition. Dashed red lines indicate 33.33% and 66.66% relative
abundances. Colour of asterisks points out what bacteria it refers to. In the table are shown the
significant level of the difference between B1, B2 and B3 relative abundances. Significance level
legend: ns, not significant; *, p < 0.05; **, p < 0.01; *** p < 0.001. Colours of y-axis text and table
headers indicate the ecological environment (and spatial distribution of microbial populations) of
simulation experiments: red — competitive environment (columned stratification); blue — commensal
environment (layered StratifiCation). ...........coiiiiiiieie e 175
Figure C.7. Microbial fitness (F) from simulation experiments considering commensalism and
competition. Asterisks indicate the significance level of the difference between B1, B2 and B3 specific

growth rate. Significance level legend: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Figure C.8. Regression fits to different relative abundance/microbial fitness data pairs from
simulation experiments considering commensalism and competition with their corresponding
Pearson’s coefficient (r) with their significance value (p-value) and sample size (n). Legend:
B1- purple circles; B2 — green circles; B3 —0range Circles. .......cocooveveiiiicviiiecic e 177
Figure C.9. Ecological environment distribution in a hybrid stratification case considering
concurrence of commensalism and competition ([S]r=0.1 mM, [O2] =3.75 mg/L; ¢EI = 1.07).
Inactive bacteria are shown in a lighter colour. The substrate profiles are from the transverse plane
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Figure C.10. Influence of substrate diffusivity on spatial distribution of microbial populations
(commensalism + competition; [S]r= 1.0 mM, [O] = 10.0 mg/L). Inactive bacteria are shown in a
lighter colour. The substrate profiles are from the transverse plane of aggregates............cc.c...... 179
Figure C.11. Substrate profiles on the transverse plane of aggregates considering or not
0 1=] 6= Tod o 0 0T o] SRR 180

Figure D.1. Apparent substrate affinity (Km@pp) for ammonia (panel A) and nitrite (panel B) of

comammox Nitrospira and anammox bacteria. Colour legend: light blue — comammox Nitrospira;
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orange — anammox bacteria. References of substrate affinities for: comammox Nitrospira — (Kits et
al., 2017; Sakoula et al., 2021); anammox bacteria — (Ni et al., 2009; Oshiki et al., 2011; Puyol et
al., 2013; Straka, 2019; Strous, Kuenen, et al., 1999; van der Star et al., 2008)...........c.ccceeevenee. 198
Figure D.2. Additional floc images of comammox Nitrospira and anammox bacteria community
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(NH3:NO2:NO3 = 500:500:500 yM).  C)  Non-equimolar  feeding  (NH3:NO2:NO; =
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Figure D.3. Metabolic ratios of Nitrospira (AO, NO and CMX) represented as In(A/B) at different
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between CMX and division of labour (AO+NO). B) Metabolic ratios between CMX and AO. Error
bars show standard deviation of n = 3 simulation replicates. Feeding regimes — ammonia feeding:
500:0:0 uM; equimolar feeding: 500:500:500 uM; non-equimolar feeding: 500:375:500 uM. The
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NHs (panels A), 500 uM of NHs (panels B), and 1000 uM of NH;s (panels C). Left panels show the
dynamics of nitrogen compounds (NHs, NO2 and NOs) at the early stages of simulation. Right panels
show the evolution of relative abundances of comammox Nitrospira and anammox. Error bars show

standard deviation of n = 3 simulation replicates. If not visible, error bars are smaller than symbols.

Figure D.8. Analysis of ecological environment and dominant substrates (global eco-interaction
modulus, ¢EI *). First 50 weeks are shown (full simulation in Fig. D.9). Feeding regimes: only
ammonia feeding (NH3:NO2:NO3z; = 500:0:0 puM, left panels), equimolar feeding (NH3:NO2:NO; =
500:500:500 uM, centre panels), and non-equimolar feeding (NH3:NO2:NO3; = 500:375:500 uM,
right panels). Error bars show standard deviation of n = 3 simulation replicates. If not visible, error
bars are smaller than 1IN WEIGhL. ........coi i 205
Figure D.9. Analysis of ecological environment and dominant substrates (global eco-interaction
modulus, ¢EI «). Full simulation (5.0 years). Feeding regimes: only ammonia feeding
(NH3:NO2:NO3 = 500:0:0 pM, left panels), equimolar feeding (NH3:NO2:NO3z; = 500:500:500 uM,
centre panels), and non-equimolar feeding (NH3:NO2:NO; = 500:375:500 puM, right panels). Error
bars show standard deviation of n = 3 simulation replicates. If not visible, error bars are smaller
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Figure E.1. Visual representation of concordance and discordance for two joint variables (X and
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AOA
AOA-FW
AOA-SW
AOB
AOB-FW
AOB-SW
AOM
CBB
CMX
CO.-e
CSTR
C-type NOB
CytL
DNRA
ETC
ETM
HAO
HDH
HOX
HURM
HZS

IbM

Nb

(Dynamic) Flux Balance Analysis
3-hydroxypropinate/4-hydroxybutyrate cycle

Ammonia monooxygenase

Anaerobic ammonia oxidation (Anammox) or Anammox bacteria
Anaerobic nitrite-reducing ammonia oxidation

Ammonia oxidation (catabolic activity)

Ammonia-oxidizing archaea

Non-marine ammonia-oxidizing archaea

Marine ammonia-oxidizing archaea

Ammonia-oxidizing bacteria

Non-marine ammonia-oxidizing bacteria

Marine ammonia-oxidizing bacteria

Ammonia-oxidizing microbes (including bacteria and archaea)
Calvin-Bassam-Benson cycle

Complete ammonia oxidation (comammox) or comammox bacteria
Global Warming Potential (GWP) value relative to CO;
Continuous Stirred Tank Reactor

Nitrite-oxidizing bacteria with cytoplasmic nitrite oxidoreductase
Cytochrome P460

Dissimilatory nitrite reduction to ammonium

Electron transport chain

Electron transfer module

Hydroxylamine oxidoreductase

Hydrazine dehydrogenase

Hydroxylamine oxidase

Hydroxylamine Ubiquinone Redox Module

Hydrazine synthase

Individual-based Model

Nitrobacter genus (nitrite-oxidizing bacteria)
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Nc Nitrococcus genus (nitrite-oxidizing bacteria)
Ng Nitrotoga genus (nitrite-oxidizing bacteria)
NirKev) (Reverse) nitrite reductase

Nn Nitrospina genus (nitrite-oxidizing bacteria)
NO Nitrite oxidation (catabolic activity)

NOB Nitrite-oxidizing bacteria

NOB-FW Non-marine nitrite-oxidizing bacteria

NOB-SW Marine nitrite-oxidizing bacteria

NOO Nitric oxide oxidoreductase

NOR Nitric oxide reductase

NRMX Nitrate-reducing ammonia oxidation (catabolic activity)
Ns Nitrospira genus (nitrite-oxidizing bacteria)

NXR Nitrite oxidoreductase

oMz Oxygen minimum zones

PbM Population-based Model

P-type NOB  Nitrite-oxidizing bacteria with periplasmic nitrite oxidoreductase
rTCA Reductive tricarboxylic acid cycle
sP-type NOB  Nitrite-oxidizing bacteria with soluble periplasmic nitrite oxidoreductase

WWTP Wastewater treatment plant

Special Symbols

Pr{-} Probability

Such that (e.g., {x : x > 0} means “set of numbers x such that x > 0”)

(%) Paired

€ Belongs to, is an element of

A Logical conjunction (AND)

% Logical (inclusive) disjunction (OR)

= Equivalence (the same as)
= Implies
- Follows a specific data trend

= Negation or inverse (in this case, positive/negative)
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1.1. Background

Advances in metagenomics and culture-independent studies have greatly increased our
knowledge of microbial communities revealing, in part, that microbial ecology is not as
simple as once thought (Hugenholtz et al., 1998; Marco, 2011). Nitrification process is a
direct example of this (Figure 1.1). In 1891, Winogradsky and Warington established that
nitrification was an aerobic two-step process where ammonia is first oxidized to nitrite by
ammonia-oxidizing bacteria (AOB) and then, nitrite oxidized to nitrate by nitrite-oxidizing
bacteria (NOB) (Dworkin & Gutnick, 2012) (Figure 1.1A). In the following decades,
nitrification research made great progress by revealing new nitrifying cohorts and clarifying
their biochemistry (Figure 1.1B).

A) Pre-1995 knowledge about nitrification B) “Current”knowledge about nitrification

Urea
Cyanate

NH3 NO, NO;

Figure 1.1. Evolution of our understanding of nitrification from A) pre-1995 to B) today.

The conception that biological ammonia oxidation was only possible under aerobic
conditions was refuted when anaerobic ammonia oxidation (anammox process) was
discovered in a denitrifying reactor (Mulder et al., 1995). In 2005, the first archaeal ammonia
oxidizers (ammonia-oxidizing archaea, AOA) was isolated from terrestrial and marine
habitats (Kénneke et al., 2005; Treusch et al., 2005). Then, in 2015, some NOB species
(belonging to Nitrospira sublineage I1) were proven to fully catalyse the complete ammonia
oxidation process to nitrate (named comammox bacteria, CMX) (Daims et al., 2015; van
Kessel et al., 2015). Together, with further observations of diverse NOB metabolic activity
and new NOB isolates, the previously underestimated NOB group revealed wide metabolic
and physiological diversity (Daims et al., 2016). Considering this new information, the full
understanding of nitrification in both natural and engineered systems is challenged.

Understanding the relationship between nitrifying populations, new opportunities for novel
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designs of biotechnologies might arise, enabling the control of nitrogen concentration in

water in a more sustainable way.

Any research question can be addressed in different ways: top-down approach, bottom-up
approach or a combination of both (outside-in approach). A top-down approach attempts to
first recognise the patterns in the data and then find the mechanisms that generate those
patterns. Examples of this approach are meta-studies (e.g., meta-analysis, metagenomics,
meta-transcriptomics or meta-proteomics) and data-driven modelling such as the application
of machine learning. On the other hand, bottom-up approaches apply the well-known and
hypothetical mechanisms to fit their predictions with the observed data, assembling new
theories. The identification and comprehension of the subsystems that are part of complex
systems is essential. Examples of bottom-up approach are in-vitro systems of simple
communities (from monoculture to few species) and first-principles models. Note that
modelling exercises are perfectly suited to bottom-up approaches because the full control of

the studied system, as long as the model is free of bugs and misconceptions.

No approach is perfect. A disadvantage of top-down approaches is the consideration of the
system as a black box, hampering the fully comprehension of fundamental mechanisms
when multiple variables are at play. Bottom-up approach is problematic when the system is
especially complex and fundamental mechanisms are unknown. Therefore, an outside-in

approach can help to overcome the flaws of both approaches.
1.2. Research Aims and Objectives

The aim of this research is to elucidate the ecological mechanisms that shape the microbial
communities of nitrifiers incorporating the latest discoveries on this topic. To achieve this

aim, the following objectives were identified:

e To identify the ecological niches in which a specific population of aerobic nitrifiers
will dominate based on the kinetic parameters that define the microbial growth and the
known biochemical information.

e To develop an in-silico methodology in order to study the influence of the ecological
interactions and the environment on the microbial community assembly.

o To evaluate the influence of cell-cell, cell-environment and cell-space interactions on

the community of nitrifiers in aggregates.
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e To investigate the survival capacity of comammox bacteria under nitrogen and oxygen

limiting conditions considering their potential metabolic heterogeneity.
1.3. Thesis outline

This thesis details the combination of top-down and bottom-down approaches (outside-in

approach) for the quantitative analysis of the ecology of nitrifiers.

Chapter 2 presents a detailed review of literature about nitrifying and anammox bacteria, the
role of nitrification on nitrogen cycle and the contribution of nitrification on nitrous oxide

emissions (one of the most important greenhouse gasses).

Chapter 3 presents the meta-analysis of the kinetic parameters of aerobic nitrifiers and the
influence of the environment on nitrifying activity. This meta-analysis reviews about 100
references in literature and includes more than 300 data points.

The current situation of research in microbial ecology is the topic of Chapter 4. This section
describes the tendency to top-down approaches on ecological studies, bringing the absence
of new hypotheses and theories. In order to deal with this, a modelling methodology based
on bottom-up approach is proposed to generate new hypotheses and theories on microbial

ecology (in-silico bottom-up methodology).

Chapter 5 details the multi-scale model utilised in this thesis. The integration of biological
model (Individual-based Model) and physical model (diffusive transport) together with their

respective formulations are described here.

Chapter 6 presents the in-silico study of the main ecological interactions between nitrifiers,
environmental impacts on the community, and the space competition inherent in microbial
aggregates. Additionally, a theoretical modulus is defined, being able to quantify the effect

of environmental conditions and ecological interactions on microbial community assembly.

Chapter 7 presents the in-silico study of the resilience of comammox bacteria under nitrogen
and oxygen limited environments (applying the conditions of the early discoveries of
comammox) and considering their metabolic heterogeneity. A novel statistical method to
evaluate the ecological interactions is detailed and evaluated. The theoretical modulus

defined in Chapter 6 is applied to determine which substrate rules the community assembly.

Finally, Chapter 8 summarizes the main finding of this research and also includes

recommendations for future research.



2.

Literature review.
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2.1. Nitrogen cycle and human impact

Nitrogen is an essential element in cellular biomass, being present in building components
such as amino acids (building blocks of proteins) and nucleic acids (building blocks of
DNA). In some cases, nitrogen compounds are also utilized as energy source (as electron
donors or acceptors) by microorganisms, such as nitrifiers, denitrifiers or anammox bacteria
(Stein & Klotz, 2016). The Earth’s atmosphere is composed of 78% dinitrogen gas (N2)
(Haynes, 2016), but this cannot be assimilated by all life forms. Thanks to biological nitrogen
cycle, atmospheric N2 is balanced in all available forms of nitrogen (organic and inorganic),
that is, ammonia/ammonium (NH3/NH4"), nitrite (NO2"), nitrate (NO3°) and organic nitrogen
(C-N) (Figure 2.1).

A Nitrate —T— +V Nitrogen conversions
o
g Nitritation :I—
= f Nitrification
S Nlt.rog.en Y Nitratation
> dioxide o
S Denitrification
ot m = ANammox
itrite —1— +
= Nitrogen fixation
DNRA
Nitric oxide —— +|| Assimilation
== Mineralization
Nitrous oxide —— +I |:| Nitrogen inventory (Tg-N)
|:| Terrestrial flux (Tg-N/year)
Dinitrogen gas — 0 |:| Marine flux (Tg-N/year)
|:| Anthropogenic flux (Tg-N/year)
Hydroxylamine —— —|
<
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g Hydrazine —— —||
3
=
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Ammonia —— —=|||
1450|8800
Organic-N —— k_ C-NH,
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Figure 2.1. Major processes of nitrogen cycle according to the redox state. Nitrogen inventory for
organic nitrogen, ammonia, nitrate, nitrous oxide gas and dinitrogen gas (grey squares), and
estimated conversions (green, blue and salmon squares) are included. The interconversion of
ammonia and organic nitrogen (organic-N) does not involve a change in the redox state of the
nitrogen atom. The ammonia inventory is found mainly in rocks and sediments. This ammonia
becomes available with the erosion. Whereas the terrestrial inventory of ammonia is known, the
marine inventory is estimated to be between 340 and 3600 Tg-N. DNRA refers to dissimilatory nitrate
reduction to ammonia. Anthropogenic flux from (Battye et al., 2017; Tian et al., 2020). The
anthropogenic nitrogen fixation includes N-fixing crops and the synthesis of NHs; by Haber-Bosch

process. Figure adapted from (Kuypers et al., 2018).
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The nitrogen cycle is a coordinated network of reactions where distinct biogeochemical
processes are interconnected. The microbial nitrogen cycle consists of seven major
processes, combining oxidation and reduction reactions of several nitrogen forms
(Figure 2.1): (i) nitrification, including nitritation (oxidation of NHz to NOy"), nitratation
(oxidation of NO2™ to NO3"), and complete ammonia oxidation (comammox, oxidation of
NHs to NOg); (i) denitrification (reduction of NO3™ to N2, with NO2, NO and N2O as

intermediates); (iii) anaerobic ammonia oxidation (anammox); (iv) nitrogen fixation; (V)

dissimilatory nitrite reduction to ammonium (DNRA); (vi) assimilation (transformation of
mineral ammonia (NH3) to organic nitrogen (e.g., urea, cyanate, amino acids or nucleic

acids); and (vii) mineralization (transformation of organic nitrogen to mineral ammonia).

However, humankind have modified this natural cycle by introducing anthropogenic sources
and conversions. Prior to the discovery and exploitation of Haber-Bosch process in 1909
(the industrial fixation of N2 to NH3), nearly all of the reactive nitrogen in the biosphere was
generated and recycled through biogeochemical process. The latest studies about the
humankind contributions to nitrogen cycle estimated that around 190 Tg-N/year of reactive
nitrogen proceed from anthropogenic activities (110 Tg-N/year from fertilizers, 42 Tg-
N/year from N-fixing crops and 38 Tg-N/year from combustion) (Battye et al., 2017). These
contributions do not only lead to an environmental degradation and loss of diversity due to
the accumulation of N-forms in soil and water (soil acidification and eutrophication), but
also to the increase of greenhouse gases emissions, such as N2O (298 CO»-¢). The estimated
global N2O budget from anthropogenic sources for the period 2007 to 2016 was 4.2-11.4
Tn-N/year (mean 7.3 Tn-N/year). The main anthropogenic contribution of N2O emissions
comes from agricultural activity (2.5-5.8 Tn-N/year; mean 3.8 Tn-N/year), followed by the
combustion of fossil fuels and biomass (1.3-1.9 Tn-N/year; mean 1.6 Tn-N/year), sewage
depositions (0.7-2.2 Tn-N/year; mean 1.3 Tn-N/year), and wastewater treatment (0.2-0.5
Tn-N/year; mean 0.3 Tn-N/year) (Tian et al., 2020).

Today, discharge limits for nitrogen are in place (<10 mg-N/L according to the European
Council Directive 91/271/ECC; <0.08 mg-N/L according to EPA). Generally, wastewater
treatment plant (WWTP) exploits the natural capacity of some microbial cohorts to
transform the different forms of soluble nitrogen (organic nitrogen, NHs, NO2™ and NO3") to
N2, reducing their accumulation in the aquatic environment (Chen et al., 2020). Conventional
wastewater treatment systems rely on the combination of nitrification (aerobic oxidation of

NHs to NOz3) and denitrification (anaerobic reduction of NO3™ to N2). However, the use of
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these conventional processes significantly increases the energetic demands of WWTP
(Drewnowski et al., 2019). This is because nitrification requires extensive aeration to create
suitable conditions for nitrification (from 50% to 90% of the total electricity consumption),
and external organic carbon is sometimes needed to induce heterotrophic denitrification.
Additionally, ~4.1% of the treated nitrogen is emitted to the atmosphere in form of N.O
(Tian et al., 2020), contributing to an increase in the global greenhouse emissions.

Different reactor configurations have been implemented to minimize the external addition
of oxygen and carbon source (e.g., modified Ludzack-Ettinger configuration or 4-stage
Bardenpho configuration (Chen et al., 2020)). However, more sustainable nitrogen removal
processes have emerged in recent decades. The most relevant example of this is the
combination of nitritation and anammox processes (Lackner et al., 2014) that are able to
convert NHs to N2 gas reducing up to 60% of oxygen requirements (van Dongen et al., 2001).
In compact bioreactors, aerobic ammonia oxidizers convert half of the available ammonia to
nitrite under oxygen limitation. This is followed by the conversion of the remaining NH3 and
NO-" to N2 by anammox process. In addition to the lower aeration requirements, this system
do not need the addition of organic carbon, and the production of N2O from denitrification
is avoided. Nevertheless, the application of anammox-based processes is limited to treat
ammonia-rich wastewaters, such as effluents from anaerobic sludge digesters (Pedrouso et
al., 2021).

2.2. Nitrification and anammox

The ecological roles of nitrification can be summarized in (i) transformation of NHs to NO3"
reducing the availability of nitrogen source for plants and algae (i.e., NH4"/NHs3), although
it is worth noticing that plants can also absorb NOgz™ adapting their root morphology (Giehl
& von Wirén, 2014) and some algae (such as Chlamydomonas acidophila) preferred NO3
as nitrogen source for photosynthesis and growth under phosphorous-limiting environments
(Lachmann et al., 2019); (ii) production of substrate for denitrification (NO2" and NO3z),
closing the nitrogen cycle; (iii) production of N2O in aquatic and terrestrial ecosystems; (iv)
consumption of oxygen in sediments and water columns, generating anoxic and anaerobic

environments; and (v) acidification of the environment.

Nitrification involves three main cohorts of aerobic microbes: ammonia oxidizers (bacteria
and archaea (Konneke et al., 2005; Treusch et al., 2005)); nitrite oxidizers (bacteria); and

complete ammonia oxidizers (comammox bacteria) (Costa et al., 2006; Daims et al., 2015;
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van Kessel et al., 2015). Ammonia can also be oxidised under anaerobic conditions by
anaerobic ammonia oxidizers (anammox bacteria) (Mulder et al., 1995; Strous, Fuerst, et al.,
1999). Anammox bacteria are not strictly nitrifiers, but they have also been considered in
this thesis due to their ubiquity (Wang et al., 2019), application in wastewater treatment

(Lackner et al., 2014) and their ecological implications on nitrification (Section 2.4).
2.2.1. Ammonia oxidizers (AOM)

Ammonia oxidizers (AOM) are a vast community of nitrifiers belonging to the two
prokaryotic domains, bacteria and archaea. Phylogenetically, ammonia-oxidizing bacteria
(AOB) belong to Pseudomonadota phylum (formerly Proteobacteria (Oren & Garrity, 2021))
and include species of Nitrosomonas, Nitrosococcus, and Nitrosospira genera (Aakra et al.,
2001). Ammonia-oxidizing archaea (AOA) belong to Thaumarchaeota phylum and include
species of Nitrosopumilus, Nitrosoarchaeum, Nitrososphaera, Nitrosotalea, Nitrosotenuis,
Nitrosocosmicus and Nitrosocaldus genera (Alves et al., 2018). In most WWTPs, the
dominant ammonia oxidizers belong to Nitrosomonas genus (Dueholm et al., 2022).

2.2.1.1. Ammonia-oxidizing bacteria (AOB)

AOB are chemolithoautotrophs and aerobes. The main source of energy of AOB is through
the oxidation of NHs to NO>’, and this energy is employed for maintenance and growth.
These autotrophic bacteria fix atmospheric CO: by the Calvin-Bassam-Benson cycle (CBB
cycle) (Chain et al., 2003). In ammonia oxidation, NHs is first oxidized to hydroxylamine
(NH20H) by a membrane-bound enzyme ammonia monooxygenase (AMO). Then, NH.OH
is oxidized to nitric oxide (NO) by hydroxylamine oxidoreductase (HAO) and, finally, NO
is oxidized to NO2 by a yet-to-be-determined NO oxidoreductase (NOO) (Caranto &
Lancaster, 2017). Reverse nitrite reductase (NirKre) was proposed as the candidate enzyme
for the bacterial NOO (Lancaster et al., 2018). Currently it is assumed that the only energy-
generating steps are the two-step oxidation of NH20OH to NO™ (Gonzélez-Cabaleiro et al.,
2019; Yuan & Vanbriesen, 2002).When NH2OH is oxidized to NO, three electrons are
released — two of these electrons are transferred to AMO, and the last electron is transferred
to the electron transport chain (ETC). The oxidation of NO to NO2 contributes with an
additional electron to ETC (Figure 2.2). The main terminal oxidase (enzyme responsible to
catalyse the reduction of oxygen to water using the electrons from electron donor) is the
heme-copper oxygen reductase aas-type, but some Nitrosomonas species (such as

Nitrosomonas eutropha and Nitrosomonas sp. strain GH22) also encode for cbbs-type
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oxidase and quinol oxidase bos (Sedlacek et al., 2019; Thandar et al., 2016; Whittaker et al.,
2000).
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Figure 2.2. Schematic illustration of electron transport and generation of proton motive force
(energy metabolism) in ammonia-oxidizing bacteria (AOB). CBB represents the Calvin-Bassam-
Benson cycle. Complex | is the NADH ubiquinone oxidoreductase. Complex Il is the succinate
dehydrogenase. Complex Il (ubiquinol-cytochrome ¢ reductase) and complex IV (cytochrome aas)
are the sites where electron transport is coupled to proton pump. Complex V is the ATP synthase,
the site of oxidative phosphorylation to generate ATP. Black arrows with H* labels represent the

proton flux through the periplasmic membrane. Double thick lines represent the cell wall.

Generally, AOB are considered obligate aerobes, but it has been observed that some
Nitrosomonas species (such as N. europaea or N. eutropha) can generate ATP and grow
slowly under anaerobic conditions via nitrifier-denitrification (partial or complete), where
NHs is oxidized to NO> and then, NO2 is reduced to NO, N20O and N2 (Schmidt & Bock,
1997). Also they can use hydrogen or pyruvate as electron donor and NO2 as electron
acceptor (Abeliovich & Vonshak, 1992; Bock et al., 1995), or oxidize NHs to NO2™ using
nitrogen dioxide (NO>) as electron acceptor (Schmidt & Bock, 1998).

2.2.1.2. Ammonia-oxidizing archaea (AOA)

AOA are chemolithoautotrophs and aerobes. Like AOB, they obtain energy for maintenance
and growth through the oxidation of NHs to NO2™ (being NH20OH and NO also intermediates
of archaeal nitrification (Kozlowski et al., 2016)) and use inorganic carbon as sole carbon
source. However, the biochemistry of both NH3z oxidation and inorganic carbon fixation
differs from AOB.

In particular, archaeal AMO seems to be more diverse and complex than bacterial AMO
(Hodgskiss et al., 2023), explaining the wider range of ammonia affinities observed in AOA

in comparison to the ones reported for AOB (see Chapter 3 and (Jung et al., 2022)). The
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structure and charge of the archaeal cell wall (composed by proteinaceous macromolecular
assemblies that form a two-dimensional crystal lattice, known as surface layer or S-layer)
might also explain the wide range of archaeal affinities (P.-N. Li et al., 2018). Additionally,
the homologous archaeal HAO has not been isolated yet (Lehtovirta-Morley, 2018). While
AOB have iron-based respiratory chain proteins, AOA lack the cytochrome c proteins and,
instead, have copper-based electron transport chain (Walker et al., 2010). This would explain
why archaeal nitrification (but not bacterial nitrification) is significantly constrained by the
presence of organic matter (copper complexation) in municipal WWTP (Gwak et al., 2019).
The only ETC enzyme that both ammonia oxidizers share is their terminal oxidase (heme-
copper oxygen reductase aas-type) (Schéfer & Penefsky, 2008; Walker et al., 2010).

Since the discovery of AOA, several pathways of archaeal nitrification have been proposed.
One of the most accepted is the involvement of the oxidation of NH2OH and NO to NO2™ by
a novel copper-containing enzyme (Hydroxylamine Ubiquinone Redox Module, HURM)
generating five electrons (Kozlowski et al., 2016; Wan et al., 2023). Two of these electrons
are transferred to the AMO enzyme, one electron is employed in the reduction of NO2 to
NO, and the last two electrons are transferred to the ETC (Figure 2.3A). After the re-
evaluation of bacterial nitrification, Lehtovirta-Morley (2018) proposed that archaeal and
bacterial nitrification might proceed in the same order (i.e., the three-step pathway
NHz — NH20H — NO — NO", Figure 2.3B). The last step, the oxidation of NO to NO2",
could be catalysed by NirKry or cupredoxin-like proteins (isolated in Nitrosopumilus
maritimus and Candidatus Angelarchaeales sp. (Diamond et al., 2022; Hosseinzadeh et al.,
2016)). The three-step pathway would explain how it is possible that some AOA species
(such as Nitrosocaldus yellowstoneii, Candidatus Nitrosocaldus islandicus, Candidatus
Nitrosocaldus cavascurensis or Cenarchaeum symbiosum) are able to survive lacking nirK
genes (Abby et al., 2018; Daebeler et al., 2018; Kerou et al., 2016).

On the other hand, AOA fix bicarbonate (HCO3") via a modified 3-hydroxypropinate/4-
hydroxybutyrate cycle (3HP/4HB cycle), which differs from the 3HP/4HB cycle of other
archaeal phyla (such as Crenarchaeota). Thaumarchaeal 3HP/4HB cycle is considered the
most energy-efficient aerobic pathway for inorganic carbon fixation (Kénneke et al., 2014).
Additionally, the 3HP/4HB cycle gives AOA the ability to co-assimilate various organic
compounds, explaining why mixotrophy has also been observed in Thaumarchaea
(Hatzenpichler, 2012).
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A) Hypothetical two-step pathway
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Figure 2.3. Reconstruction of the proposed pathways of ammonia oxidation, electron transfer and
generation of proton motive force (energy metabolism) in ammonia-oxidizing archaea (AOA). A)
Hypothetical two-step model (proposed by Kozlowski et al. (2016)). B) Hypothetical three-step
model (proposed by Lehtovirta-Morley (2018)). Complex I is the NADH ubiquinone oxidoreductase.
QRED is the quinone reductase. HURM represents the hydroxylamine ubiquinone redox module.
Cup represents the cupredoxin-like proteins. Complex Il is the succinate dehydrogenase. Complex
I11 (ubiquinol-cytochrome bc: reductase) and complex IV (cytochrome aas) are the sites where
electron transport is coupled to proton pump. Complex V is the ATP synthase, the site of oxidative
phosphorylation to generate ATP. Black arrows with H™ labels represent the proton flux through the

periplasmic membrane. Double dashed lines represent the S-layer.

Recently, it has been found that N. maritimus is capable of producing oxygen to sustain the
ammonia oxidation in anoxic environments (Kraft et al., 2022). Although the pathway of
oxygen production in not fully resolved, Kraft et al. (2022) proposed a variation of the
already known NO dismutation, found in methane-oxidizing bacteria (Ettwig et al., 2012).
In this pathway, NO; is first reduced to NO by NirK. After that, NO is dismutated to N.O
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and oxygen (necessary to activate the ammonia oxidation by AMO). Finally, N2O is reduced
to N2 (Figure 2.4). This could explain the abundancy of AOA in environments with low (and
even undetectable) oxygen concentrations, such as marine oxygen-minimum zones (Beman
et al., 2012; Berg et al., 2015; Lu et al., 2019; Peng et al., 2013; Qin et al., 2017; Sollai et
al., 2019; Stewart et al., 2012).
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Figure 2.4. Proposed NO dismutation of N. maritimus. Coupling of ammonia oxidation and NO
dismutation under anoxic conditions (presence of nitrite). The dismutation of NO to O;(ag.) and N.O
(ag.) is thermodynamically favourable (AG°= —165 kJ/mol O,). Figure adapted from Kraft et al.
(2022).

2.2.2. Nitrite oxidizers (NOB)

NOB group belongs to seven genera distributed in four bacterial phyla (in parenthesis) —
Nitrobacter (Pseudomonadota), Nitrotoga (Pseudomonadota), Nitrococcus
(Pseudomonadota), Nitrospira (Nitrospirae), Nitrospina (Nitrospinae), Candidatus
Nitromaritima (Nitrospinae) and Nitrolancaea (Chloroflexi) (Daims et al., 2016). In general,
all NOB genera are present everywhere and only few of them have been found in particular
environments. For example, Nitrospina and Ca. Nitromaritima have been only identified in
marine and hypersaline environments. Nitrospira is the most diverse and ubiquitous NOB
genus, consisting of at least six phylogenetic sublineages. In fact, Nitrospira genus is the
only NOB found in geothermal springs (Daims et al., 2016) and is also the dominant NOB
in WWTPs (Dueholm et al., 2022).

NOB were formerly identified as obligate chemolithoautotrophs and aerobes, which obtain
the energy for maintenance and growth from the oxidation of NO2™ to NOs™ shuttling two
electrons to the ETC. The key enzyme of nitrite oxidation is the nitrite oxidoreductase
(NXR). Different NXR orientation (cytoplasmic or periplasmic orientation) and final

terminal oxidases (cyt. aas-type, cyt. bd-like or cyt. cbbs-type) have been observed among
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the identified NOB genera (Figure 2.5 and Table 2.1). Like AOB, NOB fix atmospheric CO-
as carbon source, but only some NOB use the CBB cycle (Nitrobacter, Nitrotoga and
Nitrococcus), whereas Nitrospira and Nitrospina use an oxygen tolerant reductive
tricarboxylic acid cycle (rTCA) to fix CO2 (Table 2.1 — Anabolic pathways). The ecological
implications of these physiological traits on NOB community are analysed in Chapter 3.
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Figure 2.5. Schematic illustration of electron transport and generation of proton motive force
(energy metabolism) in nitrite-oxidizing bacteria (NOB). A) All NOB genera. B) Specific of NOB
genera. Complex | is NADH ubiquinone oxidoreductase. Complex Il is the succinate dehydrogenase.
Complex 11 (ubigquinol-cytochrome ¢ reductase) and complex 1V (terminal oxidase, cyt. aas, cyt. bd-
like or cyt. cbbs) are the sites where electron transport is coupled to proton pump. Complex V is the
ATP synthase, the site of oxidative phosphorylation to generate ATP. Complex I, Il, Il and V are
found in all NOB genera. The enzymatic differences of ETC between NOB genera are found on NXR
and complex IV. Black arrows with H* labels represent the proton flux through the periplasmic

membrane. Double thick lines represent the cell wall.

The ubiquity and complexity of NOB cannot be explained if its catabolic activity is strictly
restricted to nitrite oxidation (AG” = -74.1 kJ/mole NO>). Indeed, the capacity of NOB to
adapt to several environments is reflected on their wide metabolic diversity (Table 2.1 —
Alternative metabolisms). Even now, one of the questions regarding the lifestyle of NOB is
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whether nitrite oxidation is the primary catabolic activity of these organisms (Daims et al.,
2016). Additionally, the metabolic diversity expands the potential ecological interactions
with their nitrifying counterparts (see Section 2.4) and other microbial cohorts, increasing

their survivability in harsh environments.

Table 2.1. Summary of main physiological features of NOB genera (Nitrobacter: Nb; Nitrospira:
Ns; Nitrospina: Nn; Nitrotoga: Ng; Nitrococcus: Nc). Nitrolancaea and Candidatus Nitromaritima

genera were not included.

Nb Ns Nn® Ng Nc
NXR orientation (Ref. 1)®
Cytoplasmic NXR X X
Periplasmic NXR X X
Soluble periplasmic NXR X
Terminal oxidase (Ref. 2)®
Cytochrome aas-type oxidase X X
Cytochrome bd-like oxidase X
Cytochrome cbbs-type oxidase X X
Anabolic pathway (Ref. 3)®
Calvin-Benson-Bassham cycle (CBB) X X X
Reductive tricarboxylic acid cycle (rTCA) X X
Alternative metabolisms (Ref. 4)®
Urea degradation X X®)
Cyanate degradation X
Anoxic respiration (NO3™ or others) X X
Heterotrophic growth X X©) X® X®
PHA/PHB storage X X X
Glycogen storage X X® X X
Polyphosphate storage X X
Complete ammonia oxidation X
Substance tolerance (Ref. 5)®
Ammonia inhibition threshold (mg NHs-N L) 10-50 4.3 ND®  15-20 ND
Nitrous acid inhibition threshold (mg HNO2-N L?) 1.0 0.2 ND 1.8 ND

) Presence of responsible genes only.
() Reference list.

o Ref. 1: Nb — (Spieck et al., 1996; Starkenburg et al., 2006); Ns — (Koch et al., 2015; Licker et al., 2010; Spieck et
al., 1996; Spieck et al., 1998); Nn —c; Ng — (Boddicker & Mosier, 2018; Kitzinger et al., 2018); Nc — (Fussel et al.,
2017).

e Ref. 2: Nb — (Nomoto et al., 1993; Starkenburg, Larimer, et al., 2008; Tanaka et al., 1983); Ns — (Lucker et al.,
2010); Nn — (Liicker et al., 2013); Ng — (Boddicker & Mosier, 2018; Kitzinger et al., 2018); Nc — (Fissel et al.,
2017).

o Ref. 3: Nb — (Starkenburg et al., 2006); Ns — (Lucker et al., 2010); Nn — (Lucker et al., 2013); Ng — (Boddicker &
Mosier, 2018; Kitzinger et al., 2018); Nc — (Fussel et al., 2017).

o Ref. 4: Nb — (Bock, 1976; Starkenburg et al., 2006); Ns — (Ltcker et al., 2010); Nn — (Lucker et al., 2013); Ng —
(Boddicker & Mosier, 2018; Kitzinger et al., 2018); Nc — (Fussel et al., 2017).

e Ref. 5: Nb — (Blackburne et al., 2007b); Ns — (Blackburne et al., 2007b; Ushiki et al., 2017); Ng — (Li et al., 2020;
Ma et al., 2017).

@ From uncultured marine Nitrospina.

@ Purely heterotrophic growth has not been yet observed (mixotrophic growth).

@ Glycogen deposits were found in Nitrospina gracilis, but heterotrophic growth of Nitrospina was not observed.
©) ND — Not determined
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2.2.3. Complete ammonia oxidizers, comammox bacteria (CMX)

Although Nitrospira is identified as a NOB genus, some Nitrospira species belonging to
sublineage 1l are able to perform complete ammonia oxidation (from NHsz to NOs,
comammox process). This is the case for Nitrospira inopinata (Kits et al., 2017) and
Candidatus Nitrospira kreftii (Sakoula et al., 2021). This group of Nitrospira is referred as
comammox Nitrospira. The theoretical conception (Costa et al., 2006) and further discovery
of comammox Nitrospira (Daims et al., 2015; van Kessel et al., 2015) refuted the conception
that nitrification is an obligated two-step process where NHz is oxidized to NO2.” by ammonia
oxidizers (AOB and AOA) and then NO" is oxidized to NOs by NOB.

Comammox Nitrospira have the same core metabolism (i.e., nitrite oxidation to obtain
energy and rTCA to fix CO2) and metabolic flexibility of canonical NOB Nitrospira
(Table 2.1. — Alternative metabolisms) (Daims et al., 2015; Palomo et al., 2018; van Kessel
et al., 2015; Yang et al., 2020). The distinctive metabolism of comammox Nitrospira is the
capacity to perform the first step of nitrification (i.e., the oxidation of NH3z to NOy),

complementing the energy generation from nitrite oxidation (Figure 2.6).

NirK,,? Periplasm (+)

ATP
. Quinol/ Quinone === Reaction

===y Electron transport
‘ Cytochrome ¢ P Cytoplasm (=)

Figure 2.6. Schematic illustration of electron transport and generation of proton motive force
(energy metabolism) in comammox Nitrospira (CMX). rTCA represents the reductive tricarboxylic
acid cycle. Complex | is the NADH ubiquinone oxidoreductase. Complex Il is the succinate
dehydrogenase. Complex 111 (ubiquinol-cytochrome ¢ reductase) and complex IV (cytochrome aas)
are the sites where electron transport is coupled to proton pump. Complex V is the ATP synthase,
the site of oxidative phosphorylation to generate ATP. Black arrows with H* labels represent the
proton flux through the periplasmic membrane. Double thick lines represent the cell wall. Figure
adapted from (Daims et al., 2015).

The oligotrophic lifestyle of comammox Nitrospira (high affinity for ammonia and high
biomass growth yield) was already predicted in the theoretical conceptualization (Costa et
al., 2006), and subsequently demonstrated by physiological studies (Kits et al., 2017;
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Sakoula et al., 2021). However, there is still an open debate about the oxygen requirements
for the chemoautotrophic growth of comammox Nitrospira (addressed in Chapter 7).

2.2.4. Anaerobic ammonia oxidizers, anammox bacteria (AMX)

The group of AMX belongs to six genera within the phylum Planctomycetes, including
Candidatus Kuenenia, Candidatus Brocadia, Candidatus Anammoxoglobus, Candidatus
Anammoximicrobium, Candidatus Jettenia and Candidatus Scalindua. The first five genera
are commonly found in WWTP, whereas the last one is commonly found in saline

environments (Wu et al., 2020).

AMX are chemolithoautotrophs and anaerobes with a biochemistry that is not fully
elucidated yet. This is because of the lack of a pure culture, standard cultivation techniques,
and genetic tools (Peeters & van Niftrik, 2019). AMX catabolism supposes the anaerobic
oxidation of NH4" coupled to the reduction of NO>", leading to N> through the synthesis of
the intermediate hydrazine (N2Ha4). First, NO2" is reduced to NO by a nitrite reductase (Nir)
using one electron. Next, NO is combined with NH4* to form N2H4 by hydrazine synthase
(HZS) using three electrons. Finally, N2H4 is oxidized to N2 by hydrazine dehydrogenase
(HDH) releasing the four electrons harvested in the previous two reductions (Figure 2.7).

Although NH2OH is not considered an intermediate of anammox process, it is postulated
that the highly abundant hydroxylamine oxidase (HOX) found in AMX might oxidize
NH20H to NO, releasing three electrons that could be employed in synthesis of N2Hs
combining NH4" and NO (Kuenen, 2020). In this case, the role of HOX would be recycling
the by-product NH>OH formed by HZS, although some AMX might generate N2H4 with the
combination of NH4" and NH.OH (Oshiki, Ali, et al., 2016; Schalk et al., 2000).

AMX grow by fixating atmospheric CO2 by the Wood-Ljungdahl pathway (also known as
reductive acetyl-CoA pathway) (Schouten et al., 2004). The slight generation of NO3™ by
AMX (Strous, Kuenen, et al., 1999) is from the oxidation of NO2™ to NO3™ by NXR complex,
supplying the reductive power required to fix CO2 and generate new biomass (Kuenen,
2020). Recently, it has been demonstrated that some AMX species (such as Ca. Kuenenia

stuttgartiensis) can also grow assimilating formate (Lawson et al., 2021).
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Figure 2.7. Current view of anammox process. Electron transport and generation of proton motive
force (energy metabolism) in anammox bacteria (AMX). Substrates (NH4* and NO,") and product
(N2) in green. Nir is the nitrite reductase. HZS is the hydrazine synthase. HDH is the hydrazine
dehydrogenase. HOX is the hydroxylamine oxidase. NXR is the nitrite oxidoreductase. Nrf is the
nitrite reductase forming ammonium. R/b are Rieske-heme b complexes (bcl complexes). ETM is a
yet-to-be identified electron transfer module. Black arrows with H™ labels represent the proton flux
and through the periplasmic membrane and proton generation. Dashed lines depict reactions and
processes to be established. Figure adapted from (Kartal & Keltjens, 2016).

2.3. Contribution of nitrification to N.O emissions

Nitrification contributes to N2O emissions directly, but also indirectly by fuelling
denitrification with NO2™ and NO3™ (being N2O an obligate intermediate of denitrification).
Nitrification (specially nitritation) is considered the major contributor of N2O emissions in
most WWTP, oceans, and agricultural soils (Freing et al., 2012; Law et al., 2012; R. Liu et
al., 2016).

N20 is generated by AOB through different metabolic pathways (Figure 2.8A). In anaerobic
conditions, AOB are able to perform the nitrifier-denitrification, using NO>™ as electron
acceptor and generating N2O (Wrage et al., 2001). Recently, it has been found that AOB also
produce N2O via nitrifier-denitrification under aerobic conditions (Wrage-Monnig et al.,
2018). Another source of N2O emissions by AOB is from the anaerobic oxidation of NH,OH
to N2O by the constitutive and periplasmic cytochrome P460 (CytL) (Caranto et al., 2016).
Additionally, CytL can bind NO and synthesize N2O in presence of NH>OH. Caranto et al.
(2016) proposed that CytL can be used for NH2OH and NO detoxification in anaerobic and
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microaerobic conditions through the synthesis and subsequent emission of N2O. Conditions
of hypoxia can lead to a significant increase of N>O generation in AOB (Figure 2.8B),
especially in marine AOB (Goreau et al., 1980). AOB might also contribute to the abiotic
generation of N2O (red arrows; Figure 2.8A) with the accumulation of their intermediates
(NH20H and NO) and product (NO2") (Harper et al., 2015; Heil et al., 2016).
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Figure 2.8. Contribution of nitrification to N,O emissions. A) Biotic (black arrows) and abiotic
(red arrows) processes leading to N.O production in nitrifiers. Participating enzymes are noted
above or below the arrows. “Edis?” represents the unknown enzyme that would catalyse the NO
dismutase to N2O and O in AOA (Kraft et al., 2022). The key enzymes for each nitrifier are listed
below the scheme. Only the hypothetical two-step pathway of AOA is represented in dotted arrow
(catalysed by hypothetic HURM enzyme). B) Influence of oxygen availability to N»O yield in AOB
(expressed as N.O/NO; ratio). Marine Nitrosomonas — (Goreau et al., 1980); Mixed culture (from

soil) — (Khalil et al., 2004; Zhu et al., 2013); Nitrosomonas europaea — (Lipschultz et al., 1981).

Like AOB, AOA and CMX also contribute to N>O emissions. However, their contributions
are significantly lower than AOB (0.08% to 0.47% for AOB, 0.04% to 0.07% for AOA,
0.07% for CMX; expressed as N20O yield, N2O/NO;" ratio) (Hink et al., 2017; Kits et al.,
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2019). In contrast to AOB, hypoxia conditions did not boost the generation of N.O on AOA
and CMX (Kits et al., 2019; Stieglmeier et al., 2014). Noteworthy, AOA and CMX do not
possess genes which encode any potential NO reductase (NOR) or CytL (Figure 2.8A).
Therefore, these communities are not able to catalyse the biotic oxidation of NH>OH via
nitrifier-denitrification like AOB (Kits et al., 2019; Tourna et al., 2011; Walker et al., 2010).
Kits et al. (2019) and Wan et al. (2023) studies indicate that NH>OH is the main contributor
of abiotic N2O production in AOA and CMX via hybrid pathway (abiotic reaction between
NH2OH and NO) or abiotic NH2OH oxidation. Both AOA and CMX encode NirK,
responsible for the reduction of NO2 to NO (Figure 2.8A). AOA might biotically contribute
to N2O emissions under anoxic conditions (presence of NO>") via the novel NO dismutase

pathway proposed by Kraft et al. (2022).

There is no evidence that NOB contribute to N2O emissions, at least by biotic production. It
is important to keep in mind that the uncoupling of nitrification steps (nitritation and
nitratation) would contribute to the N2O emissions, accumulating NOz™ in the environment
and favouring the production of N>O from denitrification by heterotrophic bacteria, nitrifier-
denitrification by AOB or hybrid formation and abiotic reaction with chemical oxidants or
reductants (Gruber et al., 2021).

2.4. The ecology of nitrifiers

Microorganisms do not live isolated from the surrounding environment and their community
partners. The interactions between microorganism (known as ecological interactions) are
classified according to the net effect on each of the interacting species — positive effect for
both (mutualism), negative effect for both (competition), combination of positive/negative
effect (parasitism or predation), no effect (neutralism) and combination of positive/effect
and no effect (commensalism and amensalism) (Arthur & Mitchell, 1989; Bronstein, 1994).
Inevitably, the participation of several microbial cohorts in nitrification establishes a
complex ecological network in which survival of some species depend on others (e.g., AOB
feed NOB), competition for the same substrate (e.g., AOB and AOA compete for NHz) or
even co-concurrence of dependency and competition (AOB and AMX compete for NH3, but
simultaneously AOB feed AMX with NOz" and protect them against O2). With this
ecological complexity, higher-order interactions (i.e., interactions between more than two
species/cohorts) emerge. Higher-order interactions control the community assembly (Bairey

et al., 2016; Morin et al., 2022), which explains the existence of large and stable microbial
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communities (Grilli et al., 2017; Shen et al., 2023) and challenges May’s criteria of stability
(Allesina & Tang, 2012), which is based on pairwise interactions.

The trophic network of nitrification associated with exchange of nitrogenous compounds is
shown in Figure 2.9A, considering the main three substrates of nitrification (NHs, NO2™ and
NOs’), and the nitrifying cohorts (AOB, AOA, NOB, CMX) and AMX. Because biotic
nitrification is an aerobic process, all nitrifying cohorts (AOB, AOA, NOB and CMX)
compete for oxygen. At the same time, ammonia oxidizers (AOB, AOA, CMX) and AMX
compete for NH3/NHs". AMX also compete with NOB for NO2". The positive synergies
between nitrifiers comprise (i) coupling of nitritation (AOB and AOA) and nitritation
(NOB), (ii) partial nitritation (AOB) and anammox process by AMX, (iii) co-protection
between AOB and NOB (NHs inhibits NOB (Blackburne et al., 2007b; Kim et al., 2008; Li
et al., 2020; Ushiki et al., 2017) and HNO: inhibits AOB (Claros et al., 2013; Hellinga et al.,
1999; Jubany et al., 2008; Wett & Rauch, 2003; Wyffels et al., 2004)) and (iv) the protection
of AMX against oxygen by nitrifiers (AOB, AOA, NOB and CMX).

Figure 2.9. Trophic network of nitrification associated with the exchange of nitrogenous

compounds. A) Scheme illustration of interactions between ammonia oxidizers (AOB, AOA and
CMX), nitrite oxidizers (NOB) and anammox bacteria (AMX) considering the three main substrates
of nitrification — NHs, NO,” and NOz. ®CMX release NO," at high concentration of NH3 (Daims et
al., 2015). B) Nitrification by reciprocal feeding. Colour legend: nitritation — yellow arrows;
nitratation — green arrows; comammox process — blue arrow; anammox process — brown arrows;

mineralization — red arrows.

Some NOB species (mainly belonging to genus Nitrospira) are capable to hydrolyse urea
and cyanate to NH3z and CO: (Table 2.1). Because NOB do not use NH3 as energy source
(only part of the generated NHs is used as nitrogen source for biomass synthesis), a new

interaction emerges between nitrifiers, known as reciprocal feeding. First NOB with urease
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and/or cyanase provide NHsz to AOM. Then, NOB obtain NO>" from AOM (Figure 2.9B).
Reciprocal feeding between AOB and NOB has already been observed (Koch et al., 2015).
Genes involved in urea transport and degradation have been found in certain AOB and AOA
species. Therefore, AOM might also degrade urea to obtain NH3 and CO> (Alonso-Séez et
al., 2012; Sedlacek et al., 2019). In addition, some AOA, such as Nitrososphaera gargensis,
are also able to grow on cyanate as sole energy source (Palatinszky et al., 2015). Nitrification
by reciprocal feeding would be crucial in certain ecosystems where urea and cyanate are the
key substrate instead of NHz, such as acidic soils, oceanic habitats and some estuaries
(Daims et al., 2016).

2.5. Conclusions

In this chapter, the biological nitrogen cycle was presented together with the adverse effects
of human activity on the stability of this. The discoveries of the last 30 years (especially
anammox process in 1995, and comammox Nitrospira in 2015) have expanded our
understanding of the ecology of nitrifiers allowing the development of more efficient and
sustainable bioprocesses for nitrogen remediation, such as the combination of partial

nitritation and anammox process.

The biochemistry of nitrifying cohorts (AOB, AOA, NOB, CMX) and AMX was reviewed.
Differences in the biochemistry were observed among aerobic ammonia oxidizers (AOB,
AOA, CMX) and also among NOB genera. These differences explained the distinctive
contributions of NoO emissions among the ammonia oxidizers and the wide metabolic
flexibility and ubiquity of NOB.

Anammox bacteria cocultured with comammox Nitrospira (instead of AOB) has the
potential to achieve high levels of nitrogen removal with lower energy consumption (van
Kessel et al., 2015), limited N2O emissions (Kits et al., 2019) and sludge production (Luo et
al., 2022). However, the survivability of comammox Nitrospira in hypoxic conditions and
the assembly of a stable community with anammox bacteria remain unexplained. This

question is addressed in Chapter 7.

In the following Chapter, a meta-analysis of the kinetic parameters that define the growth of
nitrifiers is presented, with the aim of understanding and predicting the ecological niches in

which specific populations of nitrifiers will dominate.



Biochemistry shapes growth
kinetics of nitrifiers and defines
their activity under specific

environmental conditions.
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3.1. Introduction

Nitrifying community, composed of ammonia-oxidizing bacteria (AOB), ammonia-
oxidizing archaea (AOA), nitrite-oxidizing bacteria (NOB) and comammaox bacteria (CMX),
has a vast microbial diversity. All these microbial cohorts share the same ecological niche
(i.e., specific environmental condition(s) in which different species coexist (Pocheville,
2015)) because they are aerobic. Moreover, ammonia oxidizers (AOB, AOA and CMX)
compete for the same electron donor and nitrogen source, ammonia. On the other hand, NOB
stand out for their incredible physiological and metabolic diversity among the different
genera (Daims et al., 2016). Considering this, the following question arises — is it possible
to find trends between the parameters that define microbial growth and thus help us to predict

the dominance of specific nitrifying cohorts in distinct ecological niches?

Because AOA have an overall higher affinity for ammonia and oxygen than AOB, it is
generally considered the dominant population in low ammonia and low pH conditions, and
soil and aquatic environments (Baolan et al., 2014; Liu et al., 2017; Yin et al., 2018). On the
contrary, AOB grow generally faster than AOA and therefore dominate in environments
where substrate limitation is not the main selective pressure (e.g., wastewater treatment
plants) (Lehtovirta-Morley, 2018; Li et al., 2016; Park et al., 2006; Yin et al., 2018). These
observations, however, have not been fully proven and in many low ammonia environments
(<15uM), such as estuaries or riverine sediments, AOB outnumber AOA (Lagostina et al.,
2015; Mosier & Francis, 2008; Santoro et al., 2008). Therefore, although some general
conclusions have been established, the relative abundances of both groups of ammonia
oxidizers dominating in specific ecological niches remains unknown along with their relative

contribution to the global nitrification process.

The few measurements of ammonia affinity for CMX (from Nitrospira inopinata and
Candidatus Nitrospira kreftii), proved to be one of the highest of all affinities reported for
ammonia oxidizers (only AOA species Nitrosopumilus maritimus and Nitrosoarchaeum
koreensis have a higher affinity (Jung et al., 2011; Jung et al., 2022; Kits et al., 2017)). With
a higher ammonia affinity than AOB, and a more energetic catabolic process per mole of
NHs, complete nitrification would yield more energy (AG®=-349kJ per mole of NHs) than
the single steps (AG®=-275kJ per mole of NHs; for ammonia oxidation to nitrite and
AG"=-74kJ per mole of NO> for nitrite oxidation to nitrate) (Daims et al., 2015), CMX

would be expected to dominate in oligotrophic environments were substrate availability is
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limited (Costa et al., 2006). However, CMX have been also identified in a range of
engineered systems, including aquaculture biofiltration units, drinking water and wastewater
treatment plants (Chao et al., 2016; Pjevac et al., 2017; Wang et al., 2017), with the
contribution of their activity to nitrification and their distribution in aforementioned systems
still not well understood (Yang et al., 2020). Moreover, the niches in which other populations
of NOB dominate are not fully identified, with their lineages unequally distributed in both

natural and engineered environments (Daims et al., 2016).

The characteristics of specific microbial activities can be associated with identified “life
strategies”. One such theory is the commonly accepted r/K-strategy. Those microorganisms
that grow fast and dominate in nutrient-rich environments (such as wastewater treatment
systems or eutrophic environments) are identified as r-strategists, with a higher maximum
specific growth rate (max), Whereas those microorganisms which grow slowly and dominate
in oligotrophic environments are identified as K-strategists, with higher substrate affinity.
The trade-off between oligotrophic and copiotrophic activity is considered in the
r/K-strategy theory (Andrews & Harris, 1986; Ho et al., 2017).

Thermodynamics and microbial metabolic studies have led us to consider the apparent
existence of another trade-off in Kinetic parameters between growth rate and growth yield.
This trade-off would also define theoretical environment strategists, that is, microorganisms
defined by a high growth rate and a low growth yield (r-strategist) versus those with a low
growth rate and high growth yield (Y-strategist) (Kreft, 2004b; Pfeiffer et al., 2001). This
trade-off is supported by the measurement of a constant rate of metabolic redox activity,
which implies that longer metabolic pathways will potentially harvest more energy but
require more time to metabolise one mole of substrate (Andersen & Von Meyenburg, 1980;
Gonzalez-Cabaleiro et al., 2015; Hoff et al., 2020). The branched metabolic pathways of
Escherichia coli, Holophaga foetida and Acetobacter methanolicus (Carlson & Srienc, 2004;
Kappler et al., 1997; Miller & Babel, 1993); and the competition between fermentative
pathways of Clostridium homopropionicum (r-strategist) and Propionibacterium
freudenreichii (Y-strategist) (Seeliger et al., 2002) support the existence of growth rate/yield
trade-off.

These theories further identify that no microorganism can be a “Jack of all trades”, but it is

unknown what defines a microorganism as r- or K- or Y-strategist at the molecular level.
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Moreover, the fitness of specific microbial species is not strictly fixed, but they are able to
adapt to dynamic environmental conditions (Velicer & Lenski, 1999).

In this study, the Kinetic parameters of AOB, AOA, CMX and NOB were analysed,
reviewing ~100 references in literature and more than 300 data points, with the objective to
better understand the competitive and collaborative relationships established between
different functional groups of aerobic nitrifiers. The aim of this study is to predict the
ecological niches in which specific populations of nitrifiers will dominate. Values of
maximum specific growth rate (max), growth yield (Yxs) and the affinities for oxygen and
nitrogen sources (a’oz, a°%) were collected, normalised, and compared for each of the
potential groups competing for the same substrate. The analysis of the data highlights the
specific metabolic strategies enabling the survival of different populations, and the
relationship between biochemical differences and measured kinetic parameters. Moreover,
it explains our inability to fully describe ecological niche differentiation between the

different populations involved in the aerobic biogeochemical nitrogen cycle.
3.2. Materials and Methods

In this study, the kinetic parameters for nitrifiers reported in literature were collated.
Maximum specific growth rate (Lmax), apparent growth yield (Yxs) and specific affinity for
ammonia (a°%ns), oxygen (a%2) and nitrite (a’No2) have been annotated and compared for
different aerobic nitrifying groups. To enable the comparison, the following extrapolations

and conversions were done.
3.2.1. Maximum specific growth rate (pmax)

Maximum specific growth rate is presented in units of h™! at a constant temperature of 20°C
for all the measurements. To do this, when necessary, the values obtained from literature

were extrapolated to 20°C using the Arrhenius function (Eg. 3.1) (Melcer, 2004).

Ut = UT2 ° g1 T2 3.1)

Where @ refers to the dimensionless Arrhenius coefficient. Linear regression and least
squares method were applied to fit the Arrhenius function to the experimental data for each
Mmax Value collected from literature. The corresponding values are presented in Appendix A
(Tables A.1 and A.2).
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To normalise the effect of pH, all values were extrapolated at the pH considered optimum
for each specie or genus. All optimum pH values are reported between 7.0 and 8.0 for the
nitrifying groups considered (Figure A.1). To extrapolate the pmax value at its optimum pH,
a function with a bell curve shape was used to define the effect of pH over the pmax values
(Eq. 3.2) (Antoniou et al., 1990; Blackburne et al., 2007a, 2007b; Dochain & Vanrolleghem,
2015; French et al., 2012; Jubany et al., 2008; Jung et al., 2011; Kitzinger et al., 2018; Qin
etal., 2014; Tourna et al., 2011).

Hmax (PH) = - (151';,‘;;‘13"”221_,,H) (3.2)

10-PH 10—PK2

Where pKi and pK: refer to the pH in which pmax is half of the value at optimal pH (see
Appendix A — Supplementary text).

3.2.2. Specific affinities for substrates (anu3, aNo2, a%:2)

Specific affinity (a° evaluates the capacity of microorganisms to survive under specific
substrate concentrations (Button, 1991). Specific affinities for ammonia, nitrite and oxygen
were calculated using the kinetic constants from literature for AOB, AOA, CMX and NOB
and applying Eqg. 3.3 (Button, 1985).

Vmax
ad = mex (3.3)

Here a% is the specific affinity for S (L g-Bio™® h™), Vma is maximum specific uptake rate
(umol-S g-Bio! h?) and K is half-saturation constant for S (uM). The literature data is
included in Appendix A (Tables A.3, A.4 and A.5).

3.2.3. Growth yield (Yxs)

Growth yield or apparent growth yield is defined as the amount of biomass produced per
unit of substrate consumed, considering that part of the substrate consumed is required for
the maintenance processes. The apparent growth yield is presented in units of g-Bio/g-NHs
for ammonia oxidizers and g-Bio/g-NO> for nitrite oxidizers. To transform the reported
growth yield to these units when needed, an average formula for biomass was considered
(CsH702N). Other conversion factors used are included in Appendix A (Tables A.6 and A.7).
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3.2.4. Statistical analyses

Statistical significance of the differences between the parameters describing growth
(maximum specific growth rate (max), growth yield (Yxs) and specific affinity (a°) of the
nitrifying groups considered (AOB, AOA, CMX and NOB) was assessed using the one-way
ANOVA analysis together with REGWQ TEST. To evaluate the correlations between
maximum specific growth rate (max), growth yield (Yxs) and specific affinity (a°), Pearson’s

correlation (r) and Kendall’s rank correlation () were used.
3.3. Results and Discussion

The collected kinetic parameters of ammonia and nitrite oxidizers were organised in groups
based on their metabolic activity, domain, origin and available taxonomic information (Table
3.1). Then, the values were classified into seven different ecological groups as a function of
the microorganism and its habitat: non-marine ammonia-oxidizing bacteria (AOB-FW),
marine ammonia-oxidizing bacteria (AOB-SW), non-marine ammonia-oxidizing archaea
(AOA-FW), marine ammonia-oxidizing archaea (AOA-SW), comammox bacteria (CMX),
non-marine nitrite-oxidizing bacteria (NOB-FW) and marine nitrite-oxidizing bacteria
(NOB-SW). The groups are also distinguished by the ecosystem they were isolated from:
wastewater treatment systems, sediments (including oceanic, estuarine and lake sediments),

water column, soils, hot water/spring and acidic soils.

The maximum specific growth rate (Umax) of AOB, AOA and CMX is compared with the
specific affinity for ammonia (a’ws) (Figure 3.1A) and with the growth yield (Yxs)
(Figure 3.1B). For NOB, the pmax values are plotted with the specific affinities for nitrite
(@°o2) (Figure 3.2A) and growth yield (Yxs) (Figure 3.2B). For all nitrifying groups, the
specific affinities for oxygen (a’o) are presented in Figure 3.3A with their pPmax. Data shown
on Figures 3.1 and 3.2 have been organised from the highest to the lowest maximum specific
growth rate. Otherwise, data shown on Figure 3.3 has been organised from the highest to the

lowest affinity for oxygen.



Chapter 3|57

Table 3.1. Summary of the kinetic parameters of nitrifiers (AOM, CMX, NOB) used in this study.

. Taxonomic level &
Abbreviation Parameters Ecosystem?*
culture typef

Non-marine ammonia-oxidizing bacteria (AOB-FW)

Mixed culture Mx AOB-FW Mixed culture Alls WWTP
Nitrosomonas europaea Europaea Species, PC All Soil
Nitrosomonas oligotropha Oligotropha Species, PC and EC max, a°NH3 Sediments
Nitrosospira sp. 40K1 Nspira-40K1 Species, PC HMmax, 8°NH3, Yxs Soil
Nitrosospira sp. AF Nspira-AF Species, PC Mmax, @NH3, Yxs Acidic soil
Nitrosospira sp. B6 Nspira-B6 Species, PC HMmax, 8°NH3, Yxs WWTP
Nitrosospira sp. L115 Nspira-L115 Species, PC HMmax, 8°NH3, Yxs Acidic soil
Marine ammonia-oxidizing bacteria (AOB-SW)
Nitrosococcus oceani Oceani Species, PC Hmax, @°NH3, Yxs Sediments
Non-marine ammonia-oxidizing archaea (AOA-FW)
Nitrosoarchaeum koreensis Koreensis Species, EC Mmax, @°NH3, a%02 Soil
Nitrososphaera vienennsis Vienennsis Species, PC Mmax, @°NH3, Yxs Soil
Nitrososphaera gargensis Gargensis Species, PC Mmax, @°NH3, Yxs Hot spring
Marine ammonia-oxidizing archaea (AOA-SW)
Mixed culture Mx AOA-SW Mixed culture Mmax, 3%02 Sediments
Nitrosopumilus maritimus Maritimus Species, PC All Sediments
Nitrosopumilus piranensis Piranensis Species, EC Hinex, Yxs Water
column
Nitrosopumilus adriaticus Adriaticus Species, EC Hmax, Yxs Water
column
Complete ammonia-oxidizing bacteria (CMX)
Nitrospira inopinata Inopinata Species, PC Mmax, @°NH3, Yxs Hot water
Non-marine nitrite-oxidizing bacteria (NOB-FW)
Nitrobacter vulgaris Vulgaris Species, PC HMmax, aNo2, Y'xs WWTP
Nitrospira sp. ND1 ND1 Species, PC AllS WWTP
Nitrospira japonica Japonica Species, PC All WWTP
Nitrobacter agilis Agilis Species, PC Mmax, @No2, Yxs WWTP
Nitrobacter winogradskyi Winogradskyi Species, PC All Soil
Nitrospira defluvii Defluvii Species, PC Mmax, @No2,Yxs WWTP
Nitrospira lenta Lenta Species, PC Hmax, @No2,Yxs WWTP
Nitrospira moscoviensis Moscoviensis Species, PC Umasx, 8°N02,Y xs Hot water
Nitrobacter hamburgensis Hamburgensis Species, PC All Soil
Nitrotoga arctica Aurctica Species, PC Hmax, a@No2,Yxs Soil
Marine nitrite-oxidizing bacteria (NOB-SW)
Nitrococcus mobilis Mobilis SDECIesRC Lmae, @02 c\(l)\ﬁtrfwrn
Nitrospira marina Marina Species, PC rar, Yxs C\cl)\ﬁtrirn
Nitrospina watsonii Watsonii Species, EC Honaxs @02, Y x C\c/)\ﬁtrirn
Nitrotoga sp. AM1 AM1 Species, EC Mmax, 8%N02 Sediments
Nitrospira sp. Ecomares Ecomares Species, PC Mmax, 8%N02,Y xs Sediments

Culture type: PC — pure culture; EC — enriched culture.
¥ Ecosystem (sample origin): WWTP — Wastewater treatment plants.

SAlI: All microbial growth parameters have been reported — pmax, ah3, %02, and Yxs for AOB, AOA and CMX; Hmax,
a%Nno2, a%2, and Yxs for NOB
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3.3.1. Ammonia oxidizers

Collected data of ammonia oxidizers (Figure 3.1A) shows that AOB populations have on
average a higher maximum specific growth rate than AOA and CMX (Table A.2). But ACA
and CMX have on average a higher specific affinity for ammonia than AOB (Table A.4).
The available measurements of the kinetics of complete nitrifiers show that they have the
lowest maximum specific growth rate (being close to some Pmax Values reported for AOA)
and the highest affinity for ammonia of all analysed ammonia oxidizers except N. maritimus
and N. koreensis. This overall tendency would confirm the consideration of AOA and CMX
as K-strategists when compared with AOB, with lower pmax and higher ammonia affinity
(Chen et al., 2017; Yin et al., 2018). When analysing the reported values of pmax and a’nms
in literature for AOB, AOA and CMX groups (Figure 3.1A), a strong negative correlation
was identified (r =-0.717, p < 0.006; t =-0.539, p = 0.01; n = 13; Figure A.2A), supporting
the aforementioned consideration that AOA and CMX have higher a’unz and lower pmax. A
negative correlation is also observed between the data collected for AOB populations only
(r =-0.808, p = 0.015;  =-0.786, p < 0.006; n = 8; Figure A.2B) but between the pmax and
a%ns values for populations of AOA a strong positive correlation was found (r = 0.756,
p=0.02; r = 0.667, p = 0.333; n =4; Figure A.2C). Although it appears that some species
of AOB would dominate in oligotrophic environments, supporting the r/K-strategy theory
(Nitrosomonas have consistently higher pmax and lower a°nws than Nitrosococcus or

Nitrosospira), between species of AOA it is not so clear.

It is important to consider that AOA was the only cohort Identified In extreme oligotrophic
environments such as the oxygen minimum zones (OMZ) (Bristow et al., 2016). This
excellent capacity of AOA to survive in these extreme environments is observed, for
example, on the measured a’nns of N. maritimus, which is 22 times higher than the highest
measured a’nws of AOB. However, in some natural environments identified as oligotrophic
environments, AOB outcompeted AOA (Lagostina et al., 2015; Mosier & Francis, 2008;
Santoro et al., 2008). This correlates with the measured a°us shown in Figure 3.1A.
Nitrosospira species have a similar a®us than some AOA species (Figures 3.1A and A.5)
being able to compete against some AOA in these oligotrophic environments. Therefore, the
presence or absence of particular species in the environment could determine which one will

be the larger contributor to ammonia oxidation in natural environments, AOB, AOA or both.
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Figure 3.1. Maximum specific growth rate (max) With A) specific affinity for ammonia (a’ns3) and
B) growth yield (Yxs) of ammonia-oxidizing microorganisms (AOB, AOA and CMX). The black
bars show the range of pmax values; green bars represent the range of a’\uz value for ammonia
(Figure 3.1A); and red bars represent the range of Yxs values (Figure 3.1B). Blue: non-marine
nitrifiers; orange: marine nitrifiers. Legend bottom of figures: B — Bacteria; A — Archaea;
C — Complete ammonia oxidizer. Dashed lines cross the calculated average value for each

parameter function of the range of values reported.
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In Figure 3.1B, Hmax is compared with the growth yield (Yxs) of each considered ammonia
oxidizer. As expected, complete nitrifiers show the highest Yxs value (Kits et al., 2017)
However, there is a significant difference in the Y xs of AOB and AOA, both groups carrying
out partial nitrification (p = 0.002; Table A.6). AOA has a consistently higher Yxs than
AOB, consequence of a more efficient metabolism. The carbon fixation pathway of AOA
has been reported as more efficient (3-hydroxypropionate/4-hydroxybutyrate cycle) than the
Calvin-Benson-Bassham cycle of AOB (Kdnneke et al., 2014).

When analysing the reported values for pmax and Yxs for AOB (excluding acidophilic AOB
Nitrosospira sp. AF and Nitrosospira sp. L115), AOA and CMX, a negative correlation was
identified (r =-0.404, p < 0.1; t = -0.527, p < 0.030; n = 11; Figure A.2D), which supports
the hypothesis of an inverse correlation between metabolic efficiency and speed of growth
(Kreft, 2004b; Lele & Watve, 2014). A negative correlation is also observed between the
parameters reported for AOA (r = -0.506, p = 0.002; t =-0.60, p > 0.1; n = 5; Figure A.2E),
but not for AOB (r = 0.808, p = 0.05; t = 1.000, p < 0.003; n = 6; Figure A.2F).

In addition, non-marine AOA have a higher value of Yxs than marine AOA (p = 0.01;
Figure A.4) (Figure 3.1B). This higher value of Yxs is again associated with lower pmax
values. Contrary, this difference in metabolic efficiency is not observed when non-marine
and marine AOB are compared (p > 0.1; Figure A.4). Regarding acidophilic AOB, a
significantly lower values of Yxs were observed, compared with neutrophilic AOB
(p <0.01; Figure A.4). These dissimilarities could be a consequence of the significantly
different maintenance requirements of the different environments (Bodegom, 2007). In fact,

no trend has been identified between pmax and Yxs parameters within the same ecological
group.

Overall, for ammonia oxidisers, a negative correlation was identified between maximum
growth rate and ammonia affinity and growth yield. Therefore, microorganisms that have
higher growth yield have higher ammonia affinity meanwhile being slow growers in
conditions of non-substrate limitation. In general, lower pmax, higher aNnz and higher Yxs
were observed for AOA and CMX than for AOB, which implies that these groups have a
competitive advantage in substrate limiting conditions. However, there is niche overlapping

(i.e., sharing parts of their niche space) with respect to ammonia between AOB and AOA.
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3.3.2. Nitrite oxidizers

In addition to the main groups (NOB-FW and NOB-SW), species of NOB are classified
based on the localization of the active site of their nitrite oxidoreductase (NXR), the enzyme
catalysing nitrite oxidation to nitrate, differentiating between cytoplasmic NXR (C-type
NOB), periplasmic NXR (P-type NOB) and soluble periplasmic NXR (sP-type NOB) (see
Figure 3.2). In general, Nitrobacter and Nitrococcus are C-type NOB, Nitrospira and
Nitrospina are P-type NOB and Nitrotoga are sP-type NOB (Fuissel et al., 2017; Koch et al.,
2015; Lucker et al., 2013; Liicker et al., 2010; Spieck et al., 1996; Spieck et al., 1998;
Starkenburg et al., 2006).

Figure 3.2A shows that C-type NOB have a significantly lower affinity for nitrite (a°no2)
than P-type NOB (p < 0.0001) and sP-type NOB (p < 0.0001) (Table A.5). However, no
correlation has been found with pmax or Yxs parameters (Figure 3.2). Commonly,
Nitrobacter (C-type NOB) are considered r-strategists and Nitrospira (P-type NOB) are
considered K-strategists (Nowka et al., 2015; Schramm et al., 1999). However, this is not
supported by reported kinetic parameters of NOB. No correlation between pimax and a®noz is
found (r=0.062, p >0.1; t = -0.077, p > 0.1; n = 14; Figure A.2G). Analysing the Kinetic
data shown in Figure 3.2B, a weak negative correlation between pmax and Yxs was observed
for NOB (r =-0.29, p > 0.1; t=-0.308, p > 0.1; n = 13; Figure A.2H).

P-type NOB release protons in the periplasmic side of the membrane as nitrite oxidation
occurs. This could imply an extra proton motive force generation and therefore, it has been
considered that P-type NOB would have a more efficient metabolism than C-type (Lucker
et al., 2010). Contrary, no significant difference between reported Yxs values for P-type
NOB and C-type NOB has been observed (p = 0.73; Table A.7).
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Figure 3.2. Maximum specific growth rate (Umax) With A) specific affinity for nitrite (a’no2) and B)

growth yield (Yxs) of nitrite-oxidizing bacteria. The black bars show the range of pmax values; green

bars represent the range of a’no, values (Figure 3.2A); red bars represent the range of Yxs value

(Figure 3.2B). Blue: non-marine nitrite oxidizers; orange: marine nitrite oxidizers. Legend bottom
of figures: C — NOB with cytoplasmic NXR; P — NOB with periplasmic NXR. sP — NOB with soluble
periplasmic NXR. Dashed lines cross the calculated average value for each parameter function of

the range of values reported.
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Other morphological differences might be affecting the efficiency of the metabolic process,
e.g., the distinct terminal oxidoreductases that they express or the different carbon fixation
pathways of Nitrobacter (Calvin-Benson-Bassham cycle, CBB) and Nitrospira (oxygen
tolerant modified reductive tricarboxylic acid cycle, rTCA) (Lucker et al., 2013; Lucker et
al., 2010; Starkenburg et al., 2006; Starkenburg, Larimer, et al., 2008). Although it is
established that rTCA is more efficient than CCB (0.195 moles ATP per g biomass and 0.238
moles ATP per g biomass respectively) (Berg, 2011; Mangiapia & Scott, 2016), this is not
reflected in the measured growth yields of NOB (Berg, 2011; Sato et al., 2014). Moreover,
Nitrobacter encode a heme-copper aas-type as terminal oxidase that operates as proton
pump, whereas Nitrospira encode a putative cytochrome bd-like terminal oxidase (Table
A.8) that could not be coupled with energy conservation (or can conserve energy via a Q-
loop, but less than a proton-pumping mechanism), like the canonical bd terminal oxidase
(Giuffre et al., 2014). This might compensate the putative energetic advantage of Nitrospira
by the orientation of their NXR and carbon fixation pathway.

Like for AOB, no significant differences between Y xs values are observed when marine and
non-marine NOB are compared (p > 0.1; Figure A.7). Regarding to pmax and a’noz values of
NOB, a significant variation was observed between Nitrobacter, Nitrococcus and Nitrotoga
species from distinct environments (p <0.0001), but less variation between those of

Nitrospira and Nitrospina species (Figures A.6 and A.8).

3.3.3. Oxygen competition among nitrifiers

Oxygen is the main electron acceptor for nitrification, and therefore the seven ecological
groups compete for it. Figure 3.3A presents the specific affinity for oxygen (a%) for all
nitrifying groups considered except CMX (their a’o; has not been reported yet). No
correlation between the pmax and a%, values of considered nitrifying groups was observed
(r=-0.100, p > 0.1; T = -0.111, p > 0.1; n = 9; Figure A.21). In addition, diversity in a%:
values for all species considered is significantly lower than for the values gathered for a’nws,
and a’noz (Figures A.5, A.8 and A.9). Between NOB populations, Nitrobacter is identified
as the group with the lowest affinity for oxygen and Nitrospira with the highest. Considering
the Km,@app) Values for oxygen of NOB (Figure 3.3B), Nitrospina genus might have a higher
affinity for oxygen than Nitrospira. This correlates with the intrinsic Ko> values of the
terminal oxidases of each of the NOB populations (Tables A.8 and A.9).
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Figure 3.3. Oxygen competition. A) Maximum specific growth rate (Umax) With specific affinity for
oxygen (a%) for all the nitrifiers’ populations considered. The black bars show the range of pmax
values; dark green bars represent the range of a’o, values; and dashed connect the average of each
value range. Blue: marine nitrifiers; orange: non-marine nitrifiers. Legends: AOB — Ammonia-
oxidizing bacteria; AOA — Ammonia-oxidizing archaea; P-NOB — NOB with periplasmic NXR;
C — NOB with cytoplasmic NXR. On the bottom of tags, in parentheses, the terminal oxidase that
each group uses to reduce oxygen is shown (Table A.8). Dashed lines cross the calculated average
value for each parameter function of the range of values reported. B) Apparent substrate affinity
(Kmappy) for oxygen of NOB. Kmapp) Values are given for growth measurements (circles) and activity
measurements (diamonds). Marker colour legend: Red — NOB with heme-copper oxidase aas-type
as terminal oxidase; Green — NOB with putative cytochrome bd-like oxidase as terminal oxidase;
Grey — NOB with heme-copper oxidase cbbs-type as terminal oxidase. [OMZ]: samples from oxygen
minimum zones (OMZ). Knapp) Of Nitrospinae is significantly different from that of Nitrospira and
Nitrobacter species (p < 0.0001) and Km@pp) Of Nitrospira species are significantly different from

that of Nitrobacter species (p < 0.0001). References of Kineapp) Values in Table A.10.
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Considering only NOB, a positive correlation between affinity of the terminal oxidase of the
species considered and the specific affinity measured is observed (Figure 3.3). However, no
correlation between the terminal oxidase and a’o, for AOA and AOB groups is observed
(Figure 3.3A). Although, AOA and AOB are reported as carrying an aas-type terminal
oxidase, which is the oxidase with the lowest affinity for oxygen (Table A.9), Figure 3.3A
shows that AOA and AOB, except Mx AOB-FW, have a similar oxygen affinity to
Nitrospira, which encodes a bd-like terminal oxidase (Table A.8). This lack of correlation
might be related to the presence of the monooxygenation step in ammonia oxidation (Arp et
al., 2002; Vajrala et al., 2013). This additional oxygen consumption could increase the
oxygen concentration gradient between cytoplasm and periplasm and, as consequence,
intensify the penetration ratio of oxygen into the cell (Harder & Dijkhuizen, 1983; Tempest
& Neijssel, 1978).

In general, it is considered that AOA have a higher affinity for oxygen than AOB (Liu et al.,
2017; Yin et al., 2018). However, the specific affinity for oxygen of AOA and AOB are not
significantly different (p=0.72; Table A.3), suggesting that AOB populations could

compete against AOA even in oxygen limiting conditions.

On the other hand, AOB have been considered better competitors for oxygen than NOB
(Jubany et al., 2008; Wiesmann, 1994). Figure 3.3A shows that AOB have a significantly
higher oxygen affinity than C-type NOB (p < 0.005; Table A.3) and similar affinity values
to P-type NOB (p = 0.63; Table A.3). Therefore, ammonia oxidizers would only dominate
the competition for oxygen if Nitrobacter (C-type NOB) is the dominant population in the
NOB community. Contrary, NOB would compete closely for oxygen with populations of
AOB or AOA if Nitrospira (P-type NOB) are abundant in the NOB community.

3.4. Conclusions

The meta-analysis presented in this study on the kinetics of different groups of nitrifiers finds
specific trends between the parameters of the different populations in the community. High
affinity for a substrate does not guarantee the survival of a microorganism in oligotrophic
environments if the catabolic activity at low substrate concentrations does not ensure the
harvest of enough energy. Likewise, it might not be competitive to carry an efficient but
slower metabolism if essential substrates cannot be assimilated in conditions of low
concentrations. Those microorganisms which have evolved to thrive in oligotrophic

environments, would be metabolically efficient (high Yxs) and show a high substrate affinity
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(high a°%). This study shows that high growth yield correlates with high substrate affinity for
those populations of nitrifiers that dominate in those environments where substrate limitation
is a fundamental selective pressure. Figure 3.1 shows that in general, AOA and CMX present
loW Pimax, high a’nms and high Yxs, whereas AOB show higher pimax, lower a%ns and lower
Yxs.

Nevertheless, Figure 3.1A shows that not all AOA have a significant higher affinity for
ammonia than AOB which could explain reported dominance of AOB in some natural
oligotrophic environments over AOA (niche overlapping). Also, Figure 3.3A shows the
inconsistence of the assumption that AOB have higher affinity for oxygen than NOB
(although Nitrobacter present a lower affinity for oxygen, Nitrospira have a similar affinity
than ammonia oxidisers). Notably, it was observed that for all the groups, the range of values
found for a%o; is lower than for a’nws or a%Noz, which would reflect that nitrogen availability

IS stronger selective pressure than oxygen availability.

From this comprehensive analysis of the Kkinetic parameters of nitrifiers, no specific
ecological strategies associated with a specific genus or species within the same ecological
groups of nitrifiers were identified. Mainly fundamental differences in the biochemistry of
the different populations of nitrifiers (e.g., complete versus partial ammonia oxidation,
archaea versus bacteria, different terminal oxidases, different carbon fixation pathways or
periplasmic versus cytoplasmic NXR) lead to significant differences in the measured kinetic
parameters and potential niche specializations. This suggests that the kinetics associated with
any microbial species, might be determined by the specific metabolic traits and activity

catalysed, with constrained capacity for adaptation.



Multiscale models driving
hypothesis and theory-based

research in microbial ecology.
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4.1. Introduction

Hypothesis testing as a scientific approach in environmental microbiology and
biotechnology is bounded by the intrinsic complexity of microbial communities. Theory-
based studies are relegated by an increasing number of microbial ecology studies that focus
on descriptive experiments that aim to collect novel data on uncultured microbial species.
Critical testing of ecological hypotheses requires rigorous experimental design while the
application of novel molecular technologies for data collection has led to multitude of top-
down research approaches where data is just described (Prosser, 2020). Generation of
knowledge through induction (e.g., accumulative characterization of uncultured microbial
species) does not per se translate in new theoretical/mechanistic explanations for community

assembly or specific fitness traits.

Here it is proposed the development of research focused on the mechanisms that shape
microbial ecology, driving new theoretical hypotheses. These hypotheses are further
validated through the interaction between mathematical modelling and laboratory
experimentation. In this chapter, a modelling methodology based on bottom-up approaches
is described in order to generate, together with experimental validation, new hypotheses and
theories. By using theoretical platforms, we can target the minimization of complexity
associated to natural communities directing research exploration in a more efficient way. To
understand the implications associated with this methodology, first it is discussed the actual

position of mathematical models and experimentation in scientific research.
4.2. Experimental and theoretical models

Considering that any mathematical model represents a conceptualization of reality, it is
commonly assumed that experiments should precede any modelling exercise. Modelling is
then mostly placed as an alternative complement to experimentation because theoretical
results must be demonstrated or validated. Nevertheless, in research, experimental outcomes
must also be demonstrated by replication and reproducibility as a major principle
underpinning the scientific method. The results obtained by an experiment, an observational
study, or in a statistical analysis of a dataset, achieve a high degree of reliability when these

studies are replicated (Eric & Kwan, 1999).

Experimentation and modelling exercises cannot be seen as exclusive, but interconnected

methodologies (Figure 4.1). A modelling exercise can help defining experimental designs
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that validate hypotheses theoretically constructed (dotted green arrow, Figure 4.1). This level
of definition also aids reproducibility, especially when applied to complex systems. It can
be argued that the most useful models are constructed on the basis of the theoretical
knowledge one possesses (Kreft, 2004a; Martinez-Rabert et al., 2022), directing
experimentation that aims to validate the principles on which they are built, that is, using
mathematical models as hypotheses generator.

| Communicate the results
Porennian,,,,

."A‘

Assembling
hypothesis/theories

: In-silico \ » { .
Analysis of modelling : ExPe”mental
results cycle Formulate s.cientific cycle
T question
g \ JAERAN
Implementation Choose (create) Design of Data
of the model the model experiment collection

Figure 4.1. Modelling-experimental cycle. Integrated development of experimental and modelling
methodologies can lead to higher levels of predictive capacities and operation control. Dotted green
arrow depicts the methodology presented here — theoretical model before experimentation.

4.3. In-silico bottom-up methodology

When modelling continuous and complex natural processes, they can be treated as a group
of discrete and measurable elements interconnected with each other. A bottom-up approach
is essentially piecing together sub-systems to give rise to more complex systems. In-silico
models that follow a bottom-up approach aim to explain how emerging properties of

complex communities arise from simpler processes (Rodriguez Amor & Dal Bello, 2019).

The first step to build an in-silico bottom-up methodology is the identification of all the
elements that describe a particular phenomenon (i.e., the fragmentation; Figure 4.2). After
that, the elements that will be part of the model are selected. For this step, having enough
information is crucial, either with specific experimental data or by means of theories and
first principles (generally associated to a set of mathematical equations). Additionally, in the
process of selection of elements one must evaluate the model complexity and the possibilities

for experimental validation (Bellocchi et al., 2010).
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Figure 4.2. Schematic representation of in-silico bottom-up methodology.

Subsequently, the mathematical model is assembled. A mathematical model is a conceptual

representation of a mechanism (or a collection of them) limited by our knowledge about

reality. All models are constituted by the quintuple:

e Domain (D): set of factual items (elements and processes) that constitute the studied

system.

e Scientific question (Q): question(s) that states the reason for modelling and the

construction of the model.

e Interpretation (I): validated explanations of each item of the domain. Definition of

spatial scale(s) and temporal extent is included here.

e Assumptions (A): set of explicitly stated (or implicit premised) conventions and

choices that fulfils the holes in our interpretation of reality. These establish the limits

of our model and simplify the problem (e.g., by ignoring some processes or elements

that cannot be well-described).
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e Formalism (F): set of mathematical expressions that represents the items of the

domain.

The definition of each of the components (D, Q, I, A, F) is fundamental for the success of the
modelling process. The construction of the mathematical model starts with the abstraction
of the current knowledge about the domain (D). Based on our understanding, the scientific
question (Q) is stated. Then, the formalization of our knowledge about the domain is
addressed, defining interpretation, assumptions and formalism (i.e., the modelling approach,
(I, A, F)) (Figure 4.3). Table 4.1 shows an example of the statement of (D, Q, 1, A, F).

Scientific question Q

:_ 7 (aim of study)
1
1
I
D 1
_ _ Ideas
Abstraction Construction Approach
Domain ) about a —p(pl AF)
T reality Formalization —
Current M. (D,Q) = K /PR\ M,(D,Q)
knowledge
K
M(!<l)r Q) =0

Figure 4.3. Life cycle of a mathematical model (M). PR represents the peer-review process of the
model, in which decides if the model is able to contribute to the current knowledge (K) or not (@).
Ma(D,Q) is the formal representation of a mathematical model based on a specific domain (D),
scientific question (Q), and approach (a = (I, A, F)). Abstraction: obtention of information from

domain. Formalization: definition of interpretation (I), assumptions (4) and formalism (F).

The limits of the modelling approach (I,A,F) are established by the scope of the
fundamental processes and the selected elements. The overlook of a key element or process
can make our model inaccurate. An example of this is the omission of the diffusion in an
aggregated system like presented in Model 1 in Table 4.1. Although a NHzs-limiting
environment was considered, (being this one of the main pressure factors for the selection
of comammox process (Costa et al., 2006)), the enrichment observed in Daims et al. (2015)
was not predicted with Model 1, but it was with Model 2 (considering diffusion of
compounds). Therefore, a model will be useful (i.e., generates reliable knowledge) if and

only if there is no discrepancy between the modelling approach (I, A, F) and the real domain

(D).
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Table 4.1. Example of statement of model components (D, Q, 1, A, F).

Model 1 (ODE system) ) Model 2 (Individual-based Model) ®
Domain (D)

Suspended microbial community growing under a dynamic ammonia environment simulated as a
continuous stirred tank reactor (CSTR) until it reaches the steady state (1825 days). Dense population of
cells was generated (simulated as small aggregates).

Scientific question/aim of modelling (Q)

In-silico prediction of the selection of comammox (from NH3 to NO3) over canonical ammonia oxidation
(from NH3 to NOy’) under NHs-limiting environment. Simulations based on metabolic efficiency of
comammox and ammonia oxidation.

Interpretation (I)

Aggregates are too small and diffusion gradients Diffusion gradients for chemical components are
for chemical components are neglected computed

Spatial scales

Individual scale: biomass concentration of reactor Individual scale: independent entities
Micro-scale: not considered Micro-scale: aggregate region + boundary layer
Macro-scale: bulk liquid Macro-scale: bulk liquid

Assumptions (A4)

No Kinetic competition — same growth kinetics both metabolic activities considered (umnax, Knir,» Ko,» @m)

Different growth yield (Yy,s) — estimated according to bioenergetic analysis.
Ideal behaviour of the CSTR operation

Formalism (F)

Microbial growth: pmqe, = 0.01 h™%; Kyy, = 1.0 uM; Ko, = 3.13 uM; a,, = 0.001 h™*
Growth yield (Yy,s): ammonia oxidation — 4.09 x 1072 moly/moly; COMamMmMoOX — 6.51 x 1072 moly/moly

[NH3] [02]

Bacteria growth rate (Monod): ¢ = tax KtV Kootloa] O
3 2

Mi I dered Micro-scale: 2" Fick’s law + reaction
Icro-scale: not considere a

Macro-scale (mass balance of CSTRY): % [S] = H—;T- ([Slinfuent — [S1) + Rps; Rp, = (—) -u([S) - X

1
Yx/s

Results from modelling (with triplicate)

Ammonia oxidation: 50.0 wt. % Ammonia oxidation: 14.0 wt. %
comammox: 50.0 wt. % comammox: 86.0 wt. %

Experimental results from Daims et al. (2015)

After a series of sub-cultivation steps, an enrichment culture of comammox bacteria (60 to 80% of the
community) was obtained without known ammonia oxidizers (bacteria or archaea) in it.

@ Model performed with MATLAB (R2020b) via the built-in function ‘ode45()’.

@ Information about the Individual-based Model framework for microbial aggregates in Chapter 5 and Appendix B.
Legend — ppmqy: Maximum specific growth rate; Ky, : half-saturation constant for NHs; K, : half-saturation constant
for Oz; a,,,: specific maintenance rate; [NHs], [0,]: substrate concentration; D — diffusion coefficient; Rxy — reaction
term in each discretized space; ReL — reaction term in bulk liquid; HRT — hydraulic retention time; X — bacteria
concentration.
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The outcome from the computational model is validated using the available experimental
data. If the model is accurate enough to represent the system of interest, it can be used for
prediction and generation of new knowledge (M, (D, Q) = K, Figure 4.3). New theoretical
knowledge can be generated by the validation of the discrete elements and processes
employed. To increase the accuracy of a mathematical model, one could (i) add (or remove)
elements and/or processes that were previously overlooked or (ii) modify those previously
selected (iterative procedure, Figure 4.2).

4.4, Scales of modelling for microbial communities

For the modelling of microbial communities, three fundamental scales are defined:
individual scale (main elements of the model), micro-scale (processes simulated at the same
resolution than individual scale) and macro-scale (elements and processes described from a
larger perspective, generally embedded in the bulk liquid region). Table 4.1 presents an
example of these scales for the modelling of microbial aggregates (Interpretation (I) —

Spatial scales).

The different scales of the model are interconnected, and they influence each other. For
example, the microbial activity is influenced by the local conditions stated by the micro-
scale and, simultaneously, the microbial cells shape the local environment. The integration
of multiple scales with different characteristic times (e.g., cell division: ~1 hour; diffusion-
reaction process: ~10° hours) is possible thanks to the use of proper time discretization and
systematic resolution — a pseudo-steady state for processes with lower characteristic time is
considered a good approximation for most applications when solving those with higher
characteristic time (Kissel et al., 1984). Multiscale modelling also covers processes with the
gap between characteristic space scales, such as diffusion-reaction process (~10° m) and
the bulk processes (~107 — 1 m). Because the characteristic time and space are positively
correlated, ensuring the numerical condition stability (Charney et al., 1950), the systematic

resolution presented above also deals with the gap between space scales.
4.4.1. Individual scale. Models that describe individual microbial activity

In microbial ecology, the Monod equation has been widely used to describe microbial
dynamics (Henze et al., 2006; Otuzalti & Perendeci, 2018). Growth is defined by empirical

parameters measured for specific populations and conditions without considering the
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ecological interactions or microbial evolution that would explain the specific dominant

activities observed in bioprocesses.

Aware of the limitations imposed by the use of Monod equation (Hellweger, 2017),
molecular systems biology attempts to comprehend cell growth through mechanistic
descriptions of intracellular processes. With different levels of metabolic and physiological
details, these descriptions are able to identify some fitness trade-offs in microbial activity
arising from a common set of physicochemical and intracellular constrains. Resource
allocation theory defines that microorganisms optimize the use of limited intracellular
resources towards expressing the most efficient strategy for growth, allowing the description

of their dynamic adaptations to the environment (Karimian & Motamedian, 2020).

An approach like this requires in many cases detailed physiologic and metabolic information,
generating mathematical models with a high number of parameters. This limits their
application to few model organisms (Cusick et al., 2021). A validation of a first-principles
approach can overcome the reduced empirical information by attempting the prediction of
kinetic parameters for growth through mathematical equations. For example, bioenergetics
analyses provide a tool for quantifying growth yields (Gonzalez-Cabaleiro et al., 2021;
Kleerebezem & Van Loosdrecht, 2010). Efforts towards estimating the trends of other
kinetic parameters for description of microbial activity and growth can also be consider on

a framework of resource allocation (Sharma & Steuer, 2019).
4.4.2. Micro-scale. Prediction of emerging properties of communities

The integration of models that describe microbial growth with the definition of the local
conditions dynamically affected by the microbial activity enables the description of
interactions between the media, individuals and community. This allows the prediction of
emergent properties that arise from the definition of individual activity (N. I. van den Berg
et al., 2022), and possible estimation of ecological trends in communities that can be

compared to experimental observations.

Depending on the scientific question asked, abiotic physicochemical processes should be
considered. Examples of this are kinetic models of acid-base reactions, chemical speciation
or precipitation. The consideration of spatial competition might also be crucial to describe

ecological interactions in specific communities (see Chapter 6).
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4.4.3. Macro-scale. Scaling up and down key process

Modelling large-scales systems with micro-scale resolution (~10° m) is highly demanding
computationally. To overcome this limitation, micro- and macro-scales processes are
independently resolved following the systematic procedure through the establishment of
pseudo-steady states (Kissel et al., 1984). The full integration of both spatial scales can be
achieved if the micro-scale processes are scaled up, and the macro-scale processes are scaled
down. The scaling-up is based on the consideration of a statistically representative volume
of the larger system in full detail. It is assumed that the representative volume yields a
representative influence on the whole system (i.e., the macro-scale). On the other hand, the
scaling-down of macro-scale processes needs the definition of boundary conditions for the
simulated system. Based on the goal that the model has (or the scientific question (Q)), the
boundary conditions can be set as (i) unidirectional (only macro-scale influence micro-scale,
that is, fixed boundary conditions) or (ii) bidirectional (macro-scale influence micro-scale

and vice versa, that is, dynamic boundary conditions).
4.5. Outlook

An alternative avenue to advance the understanding of microbial ecology, community
assembly and biological activity would aim at the deconstruction of complexity by means of
a bottom-up approach, where multiscale models, robust experimental data collection, and
method development are integrated. In essence, it is proposed that the design of cultivation-
based experiments would help the validation of hypotheses constructed by mathematical
modelling. Although hypothesis-based cultivation experiments can be seen as too idealistic
when compared to the intrinsic complexity of microbial ecology, well-designed experiments
with targeted scientific questions can lead to the discovery of new metabolic characteristics
or relationships between species. In this context, the integration of molecular technologies
would aid the validation of theoretical hypotheses. The rationalisation of ecological
interactions in a community, and their relation to the environment, breaks down complexity,
reduces the necessity of data and accelerates its understanding (Kreft et al., 2020). This
promises a higher level of prediction capacity which can directly impact on the development
of novel bioprocesses. In this effort, commonalities between communities will be found,
which implies that knowledge construction in one field will benefit others (e.g., research on
the understanding of gut microbiome or marine microbial communities and anaerobic

digestion processes).



Methods - Individual-based Model

for microbial aggregates.
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The following in-silico studies included in this thesis (Chapters 6 and 7) were performed
using the same multiscale modelling framework — Individual-based Model (IbM). This
chapter provides a detailed description of this model. The source code to reproduce the
results and analyses presented in Chapters 6 and 7 is available on a public GitHub repository

at https://github.com/Computational-Platform-1bM/IbM (including previous versions). For

this thesis, the release v2.4.3 was employed.
5.1. Applications and alternative methods

The most distinguished properties of microbial aggregates are the presence of local gradients
and the close localization of distinct microbial species, stimulating the ecological
interactions between microbes (Flemming et al., 2016). Individual-based Models aim to
describe the heterogeneity of the aggregate and study the influence of ecological interactions
to the microbial community assembly. This model framework is characterized by simulating
each microbe as a discrete entity with unique traits, and as a reaction point in the spatial
domain. Its activity and growth are shaped based on the local environment. Diffusion of the
substrates across the simulation domain is modelled together with the biotic reactions. These
dynamics are resolved based on the boundary conditions imposed over the limits of the
domain. Microbial growth and decay are simulated assuming that cellular dynamics occur
at certain cell age, cycle stage or size. Therefore, division and death/inactivation occur
independently for each of the cells. With that, the heterogeneity of the aggregate is captured,
supporting the non-linear growth of microbes (Hellweger et al., 2016). Additionally, this
model does not only include deterministic dynamics (such as diffusion of substrates and
products, detachment and cellular growth/decay), but also stochastic dynamics: (i) initial
distribution of inoculum (although this can be set if needed), (ii) the initial mass of a new
cell, and (iit) when a cell divides, the new individual is positioned in a random place in the
neighbourhood of its parent cell.

Other IbM frameworks have also been developed, often simulating different aggregated
systems (microbes attached onto a solid surface (biofilms) or self-immobilized microbes
(flocs/granules)), different mechanisms (e.g., detachment, extracellular polymeric substance
(EPS) generation or spatially varying diffusion), or assuming different community resolution
(populations or individuals) (Table 5.1). All these different approaches are tailored to
different research questions and applications.


https://github.com/Computational-Platform-IbM/IbM
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Table 5.1. Comparison between existing Individual-based Models for microbial populations

This work NUFEB iDynoMiCS BSim CellModeller
Microbial community structure

Biofilm v v
Granule v v
Suspension v v
Cell motility v
Spatially varying diffusion VA
Population or Individual® IbM IbM IbM IbM IbM
Dimensions
2D v v v v
3D v v v
Physical interactions
Shoving v v v v v
EPS v v
Detachment v v v
Chemical environment
pH Vs v
Cell growth and metabolic description
Monod based v v v
Resource allocation v v
dFBA
Numerical method(s) for solving differential equations
Method® FDM FDM, FVM FDM FDM FDM
Reference® [1] [2] [3] [4] [5]

COMETS BacArena IndiMeSH ACBM Simbiotics
Microbial community structure

Biofilm v v v
Granule v v
Suspension
Cell motility v v v v
Spatially varying diffusion v v
Population or Individual PbM IbM IbM IbM IbM
Dimensions
2D v v v v v
3D v
Physical interactions
Shoving v v v v
EPS v v
Detachment v
Chemical environment
pH v
Cell growth and metabolic description
Monod based growth v v
Resource allocation v
dFBA v v v v
Numerical method(s) for solving differential equation
Method® FDM BP LBM FVM FVM
Reference [6] [7] [8] [9] [10]

(NA) Available in the model but not applied in this thesis. ® Population-based Model — (PbM); Individual-based Model — (IoM).

@ Finite-Difference Method — (FDM); Finite-Volume Method — (FVM); Finite-Element Method — (FEM); Build Package (several
methods included) — (BP); Lattice Boltzmann Methods — (LBM). © References: [1] — (Martinez-Rabert et al., 2022); [2] — (Li et al.,
2019); [3] — (Lardon et al., 2011); [4] — (Gorochowski et al., 2012); [5] — (Rudge et al., 2012); [6] — (Dukovski et al., 2021); [7] —
(Bauer et al., 2017); [8] — (Borer et al., 2019); [9] — (Karimian & Motamedian, 2020); [10] — (Naylor et al., 2017).
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5.2. Description of the mathematical model

The simulation domain is a two-dimensional and micro-scale space. In it, the diffusion of
soluble components is resolved. These soluble components are the substrates and products
of the microbial activity. The domain is divided in three different zones: the aggregate, the
boundary layer and the bulk liquid (Figure 5.1). For this thesis, two versions of the IbM
framework have been developed — the granular version (Figure 5.1A) and the suspension
version (Figure 5.1B). The only difference between these versions is the starting point of
simulation. In the granular version, only one inoculum is placed on the simulation domain,
and it is assumed that this is the representative reaction point of the whole reactor. On the
other hand, in the suspension version several inoculums are placed on the simulation, and

all of them are considered the representative reaction point of the whole reactor.

A) B)
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400 360
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Figure 5.1. Representation of simulation domain. A) Granular version. B) Suspension version.

When microbes grow and divide, they push each other, thereby increasing the size of the
overall aggregate. Diffusion of soluble components occurs throughout the aggregate where
they are consumed or produced by the microbes. The boundary layer is the surrounding space
of the aggregate defined to simulate the gradient of concentrations between the bulk liquid
and the surface of the microbial aggregate. Only diffusion of the soluble components is
resolved in this space. At the outside of the boundary layer (considered bulk liquid) the
gradient of concentration of all soluble components is considered negligible, assuming a

well-mixed homogenous reactor.

The space is discretized in two coordinates (x and y). This discretization is needed to solve

the diffusion-reaction equation in the aggregate and boundary layer, and also to set the
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position of each individual. The position of a microbe, and subsequent assignment of its
local conditions, is set by the location of its centre to the grid (Figure 5.2).

Figure 5.2. Hypothetical position of microbes in a node. Only “microbe A” belongs to node |,
because its centre is inside the node.

The model is constituted by two interconnected sub-models — (i) a biological model that
considers heterogeneity of the system and the intrinsic ecological interactions between
microbial species, (ii) a physical model that simulates the diffusive transport of the dissolved
substrates.

5.2.1. Biological model. Individual-based Model

The growth of each individual is only affected by its local conditions, which in turn are
influenced by the activity of surrounding microbes. Like this, the model captures the intrinsic
interactions among microbes in the aggregate. Cellular division or death is assumed to occur
at a certain microbe’s size independently of the state of other cells, thus capturing the
heterogeneity of the aggregate and supporting non-linear growth solutions (Hellweger et al.,
2016). In this thesis, cell lysis and release of inter-cellular material have not been considered,
but these can be included in the model with the stoichiometry of decay (see Section 5.2.2.2).
To describe the actual growth for each individual (um, Eq. 5.1), a specific stoichiometry and
Monod Kinetics parameters are employed — maximum specific growth rate (u™), half-
saturation constant (Ks), inhibition constant (K;) and specific maintenance rate (am) (Han &
Levenspiel, 1988). The change of the mass of each individual is calculated by the differential
(Eq. 5.2).

= e T () T (222 ) = 6.
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dXm _
a ~ m

- Xin (5.2)

Where ¢;'; refers to the concentration of substrate in node 1,j of the simulation domain in a

time step n, and Xm refers to the mass in moles of the cell m. The mass of each individual is
integrated in time using the forward Euler scheme on Eq. 5.2. Once the mass of each cell is
known, its volume and radius (r;,,) can be calculated defining a specific cell density (p,,,) and
assuming perfect spherical shape (Eqg. 5.3) (Kreft et al., 2001).
Xm 3 1/3
1, = (— : —) (5.3)

pm 4T

The value of uj, that Eq. 5.1 returns, indicates if microbe m is growing (um > 0) or dying
(Um < 0). The model assumes that once cells achieve a maximum mass (Mmax), they divide
(Figure 5.3). In this case, a new cell is formed (cell m+1, Eq. 5.4) with an initial mass that
is a random percentage of the total mass of the parent cell (a is a stochastic parameter with
a value between 0.45 and 0.55). The mass of the parent cell is updated with the mass

remaining after the division (Eg. 5.5).

Xin+1 = Xy (5.4)
X, = (1—a)-X,, (5.5)

When a cell divides, a random position for the new individual (m+1) is assigned in the
neighbourhood of its parent (m). When microbes grow or divide, the shoving algorithm
checks the overlapping space between individuals. If this is bigger than the maximum

overlap accepted, cells shove increasing the size of the aggregate.

When pim < 0 the individual shrinks, reducing its mass. When cells reach a minimum mass
(Mmin), Or a size considered negligible, they become inactive (i.e., they do not grow nor
decay) and only can become active again if they increase their mass under more favourable

conditions (Figure 5.3).
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Division Inactivation

X = (1= )X,

Figure 5.3. Microbial division and inactivation. « is any stochastic value between 0.45 — 0.55. Mmax

and Mpin refer to the maximum and minimum mass that microbe can reach, respectively.

5.2.1.1. Shoving algorithm

To compute the shoving of the cells after growth or division, first the overlap between

microbes is checked by Egs. 5.6 and 5.7.

h})l = \/(xm - xm+1)2 + (ym - ym+1)2 (5-6)
overlap = kDist - (1, + Tmy1) — |V (5.7)

Where |7] is the norm of the vector that links the centres of both cells m and m+1, and kDist
is just a multiplier that allows adjustment of the minimal spacing between microbes. If the
overlap value is bigger than the distance allowed, then microbes are pushing each other

function their mass and distance (Egs. 5.8 — 5.13).

- kDiSt'(Tm+Tm+1) —|17| 5 8

Xm Xm+1
a, =1———; a =1 - — 59
m Xm+Xmer - H Xm+Xm41 (59)

Xnewm = Xota — (Xm41 — Xm) * G D (5.10)
Ynewm = Yoia = Ym+1— Ym) " Qm D (5.11)
Xnewm+1 = Xota + (Xma1 = Xm) * Qg1 - D (5.12)
Ynewm+1 = Yot + Wm+1 = Ym) - Qm+1 P (5.13)



Chapter 5| 83

In this case, the quadtree algorithm is applied to detect overlapping between microbes and,
subsequently, the shoving of these is computed (Samet, 1988) (Appendix B — Quadtree
algorithm).

5.2.2. Physical model. Diffusive transport

To describe the diffusion of soluble components, the Fick’s second law equation is integrated
over time (t) and space (x and y). The consumption and synthesis of the soluble components
in this system are evaluated in each node of the simulation domain through the reaction term
(R(x,y,t); Eq. 5.14). The reaction term is calculated according to the stoichiometry, the
mass and growth rate of microbes present in the specific node. Additionally, steady sate for

the production/degradation of soluble components was assumed (Kreft et al., 1998).

2oy, t) =D Vip(x,y,t) + R, Y1) (5.14)

Where ¢(x,y,t) refers to the concentration of a soluble component in a position of the
simulation domain (x, y) and in a time step (t), and I refers to the effective coefficient of
diffusion. To simplify the resolution of Eq. 5.14, a constant ID value is considered for the

whole aggregate region (van den Berg et al., 2020).

5.2.2.1. Discretization of diffusion-reaction equation

To solve the diffusion-reaction equation (Eq. 5.14), the implicit Crank-Nicolson method,
which is unconditionally stable (Thomas, 1995), is used to discretize in time the diffusion
term. For the reaction term, the forward Euler method is used (Eq. 5.15). This can be done
because the reaction process has a slower time scale than the diffusion (Kreft et al., 1998).

n+1 n
$ij -~ Pij

1
—t=D; [V2pI T + V2] + R(@]) n € 1IN, (5.15)

Where h; refers to the time step, Nt to the total number of time steps and ¢7; to substrate
concentration in node 1,j and time n. The Laplacian of Eq. 5.15 (V?) is discretised in a two-
dimensional space (x, y) using the central finite-difference method (Eqg. 5.16), where h is the

grid size (h = AX = Ay).

n n n n n
G jtDisrj TP 1t D 14D

V2oL, = 4 (5.16)




Chapter 5| 84

The Eq. 5.16 (also known as discrete Laplacian) is given as the following kernel (Eq. 5.17).
Then, the Laplacian approximation can be re-written in a matrix from (Eq. 5.18), in which

the convolution of [L] and ¢;'; is denoted using the symbol *.

0 1 0

[L]=<1 —4 1) (5.17)
0 1 0

V2l = — ([L] * [¢™]) (5.18)

Where [¢"] is the concentration of soluble compounds (¢;;) defined in matrix form

(Eg. 5.19).

(Ml oL ¢>?,Ny\
= | P8 P e My, (5.19)

\(nble ¢11\11x,Ny/

Eq. 5.20 defines the convolution of A and B (i.e., A*B), being these discrete and 2-
dimensional variables. Convolution satisfies the distributive property, multiplicative
identity, and associative property with scalar multiplication. These properties are essential

to rearrange the diffusion-reaction equation properly (see Appendix B).

Alx] * B[x] = Xt A[x] - B[x — k] (5.20)

Then the diffusion-reaction equation (Eg. 5.14) can be re-written as a system of matrixes
(Eq. 5.21), where 1 is a constant defined for each soluble component (Eq. 5.22) and [I,] is

the so-called identity kernel or do-nothing convolution kernel (Eg. 5.23).
(L] = [LD + [p™ ] = (L] + ¥ - [LD * [¢"] + R([$"D -k (5.21)

]D)'ht

P = (5.22)
0 0 0

(1] = (o 1 o) (5.23)
0 0 0

Boundary conditions. To solve Eq. 5.21 in all the simulation domain, the definition of

boundary conditions is necessary. In this case, a single boundary condition type is defined —
the concentrations at outside of the aggregate (i.e., limits of the boundary layer) are defined
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by the conditions of the bulk liquid. This is implemented by the Dirichlet (or first-type)
boundary condition (Eg. 5.24).

¢111,j = ¢17\1Ix+1,j = (153—1 = ¢?Ny+1 =Y (5.24)

To implement Dirichlet boundary condition in this system, first the region of the simulation
domain is determined. Then, which nodes would belong to the diffusion region (comprising
boundary layer and aggregate regions) are determined (see Appendix B — Definition of
diffusion and no-diffusion regions). Like this, the concentration matrix [¢™] is modified
accordingly (Eg. 5.25). Those nodes in which diffusion region is considered have the
corresponding concentration value ([¢"]), and that ones in which no-diffusion region is

considered have the boundary value (i.e., concentration of bulk liquid, y).

[¢"]" = diffR e [¢"] + ~diffR -y (5.25)
Where dif fR is a logical matrix with 1 (true) in those nodes of diffusion region, and O (false)
in those nodes of no-diffusion region; —dif fR is the inverse of dif fR. Then, the diffusion-
reaction equation including the boundary conditions imposed over the simulation domain is
shown in Eq. 5.26. For each soluble component and time iteration, Eq. 5.26 is solved

calculating [¢™*1] using an efficient multigrid method (V-cycle) (Briggs et al., 2000).

(I =9 - [LD = [¢™ ] = (] + - [LD * [¢"]" + R([$"]) - he (5.26)

Bulk liguid concentrations. The following in-silico studies (Chapters 6 and 7) consider that

the simulated aggregate grows in a continuous stirred tank reactor (CSTR), where substrate
concentrations in the bulk liquid are dynamic. The average microbial activity of the
aggregate (as a representation of the activity of the whole reactor) is used to integrate the
concentration of the soluble components in the bulk liquid of the reactor (S) through the
mass balance shown in Eq. 5.27.

as 1

= . (Sms—S) + R (5.27)
Where HRT refers to the hydraulic time of the reactor, Sinf to the concentration in the influent,
and R to the reaction term considered in reactor. As mentioned, the reaction term | is

calculated assuming the average of all the nodes (Eq. 5.28).

i=Ny,j=Ny
R = Zi=1,j=1

Nx-Ny

n
Ri,j

(5.28)



Chapter 5| 86

The substrate concentrations in the influent can be prefixed. For that, a dynamic HRT
(Eq. 5.29) is applied on the model to maintain the concentration of substrates constant.

_ (Sinf_s)
RT,S

HRT (5.29)

The new concentration S calculated with the integration of Eq. 5.27 (using the build-in ode45
solver in MATLAB) updates the Dirichlet value (y) included in Eq. 5.26.

5.2.2.2. Reaction term

The matrix of reaction components R([¢™]) must be calculated and added to Eq. 5.26. The
synthesis and consumption of soluble components are assumed to be the result of microbial

activity in the aggregate.

Microbial activity. The kinetics of the microbial activity are calculated function of the local

conditions of the node where the cell is located. The stoichiometry of microbial species is
also necessary to compute the synthesis and consumption of soluble components. Egs. 5.30
— 5.32 show examples of stoichiometries for anabolism (Ana), catabolism (Cat) and decay
(Dec), where Cs and Ns refer to carbon and nitrogen sources, eD and eA to electron donor
and acceptor, and X to biomass considering an average formula of CH1.8005No.2 (Heijnen &
van Dijken, 1992; Kleerebezem & Van Loosdrecht, 2010).

Ana = 1-C,4+02-Ng +++ >+ 1-X (5.30)
Cat = a-eD + [-eA > - (5.31)
Dec =1- X+ > 1-C,+02-N, (5.32)

The stoichiometry of the overall metabolism (Met) is calculated function of the catabolic and
anabolic stoichiometries, and the growth yield (Yxs, Eq. 5.33). This expression can only be

used if catabolic substrates are different from anabolic ones.

Met = YL Cat + Ana (5.33)

XS

With the metabolic stoichiometry and the kinetic parameters (Umax, Ks, Ki and b™) for each
of the microbial species present in the reactor, the growth rate is calculated (um, Eq. 5.1).
Then, through the stoichiometry and the bacterial mass, the growth/decay of the cell,
substrate uptakes and product generations are calculated (Egs. 5.34 and 5.35). Eq. 5.34 is the

derivative of the mass of a microbe which is integrated in time using a forward Euler scheme;
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and Eq. 5.35 computes the reaction term for a specific soluble component s due to the activity
of the microbe m.

dXm n

R = % (5.35)

Where X refers to the mass in moles of the cell m, dsm to the stoichiometric coefficient of

the substrate S for the cell m, and Vyy to the volume of one node of the simulation domain.

The calculation of the reaction term for the soluble components is function of the position in
the simulation domain (one reaction term per node for each soluble component). Eq. 5.36 is
evaluated considering all the microbes that are contributing to the reaction term of a specific
soluble component in the node 1.

= Mi, :
RY =Y, _ YRR (5.36)
Where M;; refers to all microbes that are in the node 1,j. The reaction terms R;ji" calculated
by Eq. 5.36 for all nodes of the simulation domain (R([¢"])) are then used in the Eq. 5.26

to calculate the concentration of each of the soluble components in the simulation domain.
5.2.3. Integration

Cells divide in a time scale much slower than the diffusion-reaction process (~1 hour versus
~10® hours). To solve the system, the model takes advantage of this time scale differentiation
to separate the resolution of the diffusion-reaction equation, and the simulation of cell
dynamics and its shoving (Kreft et al., 2001).

First, the diffusion-reaction equation is integrated (with a time step dt) until it reaches a
pseudo-steady state, allowing a deviation of up to 1% from the actual steady state (Egs. 5.37
and 5.38). To check whether pseudo-steady state is reached or not, only diffusion region is
considered, as the Dirichlet boundary condition and the bulk liquid concentrations are
constants in this specific time span. Bulk liquid concentrations only change when the
microbial community change significantly, due to a cell division, cell inactivation or a

substantial variation in microbial mass.

[RES] = [L] * [¢]" + (h*/D) - R([$]) (5.37)
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max|RES; ;| < 1% - ¢y, if ¢py; > 1-107°
max |[RES;j| <1-107°, if ¢;; <« 1-107°

RESiJ'
11074 +¢; ;

(5.38)

Tol := max

< 1%, Tol := {

When the pseudo-steady state is reached, the biomass growth is integrated in a bigger time
step (dtsac). Once the mass of all individuals is updated, the mass balances of the overall
reactor are integrated with the the time step dtwac considering the average microbial activity
of the aggregate. After that, the Dirichlet boundary condition and the reaction term are
updated. At the end of this bigger step, the diffusion-reaction equation needs to be integrated
again to reach a new pseudo-steady state. Each n times that the diffusion-reaction equation
reaches a pseudo-steady state (dtsiv), the cell division is checked and if it happens, the

shoving algorithm is launched (Appendix B — Integration algorithm).

5.2.3.1. Adaptative integration steps

In modelling, there is always a trade-off between accuracy and performance. In order to
speed up the model, maintaining accuracy, an adaptative time step is used both for reaching
pseudo-steady state and for the main iterations. The main concept is to integrate with larger

steps when changes are small and integrate with shorter steps if there are large changes.

Pseudo-steady state steps. The initial step for reaching pseudo-steady state (dt) is based on

the Von Neumann stability coefficient (Charney et al., 1950). Clamped between a minimum
and maximum value (0.01 and 0.5, respectively), dt is reduced under three conditions:

e Atany point if there is an increase in max|RES; ;| values detected.

e The solution is not converging any more. Empirically this means that the solution is
stuck in an oscillation, where it breaks when dt is reduced.

e When any solute concentration in bulk liquid or aggregate region becomes negative.

The dt is only increased if multiple pseudo-steady states have been reached with more

diffusion iteration than a threshold, while there has not been any change to the dt.

Microbial activity steps. The time step for microbial activity (dtwac) is dependent on the

bulk concentrations. Also clamped between a minimum and maximum (0.05 h and 0.5 h,
respectively), dtnac is decreased to ensure a maximum relative difference for any bulk
concentration of 2%. If multiple iterations have been performed without decreasing dtpac,
this is incrementally increased over multiple iterations until the relative difference in any

bulk concentration or maximum threshold is reached.



Environmental and ecological

controls of the spatial

distribution of microbial

populations in aggregates.



Chapter 6 | 90

6.1. Introduction

Microorganisms are the most diverse and widespread forms of life on Earth (Larsen et al.,
2017; Lennon & Locey, 2020; Whitman et al., 1998) and key players of global
biogeochemical cycles (Falkowski et al., 2008). Any microorganism that is part of a
community is influenced by their neighbouring cells, either from the same species (intra-
species interactions) or different (inter-species interactions). Ecological interactions (eco-
interactions) among microorganisms are classified according to the net effect on each of the
two interacting species: positive impact (+), negative impact(-) or no impact (0)
(Figure 6.1) (Arthur & Mitchell, 1989; Bronstein, 1994).

Species 1
+ — 0 ]
Species 2
+ Cross-feeding
Co-protection
Predation "
Parasitism Competition
Commensalism : )
0 ) Amensalism Neutralism
Protection

Figure 6.1. Classification of eco-interactions between species. Cross-feeding (or syntrophy) and
co-protection (or symprostasy) are two specific eco-interactions belonging to mutualism (positive

effect for both interacting species).

In ecosystems, multiple eco-interactions between microorganisms are found, combining
both positive and negative interactions. For example, ammonia-oxidizing microorganisms
(AOM) and nitrite-oxidizing bacteria (NOB) collaborate on the oxidation of ammonia to
nitrate (substrate-related commensalism) while simultaneously competing for oxygen (Stein
& Klotz, 2016).

In some cases, microorganisms generate aggregates either by attachment onto a solid surface
(biofilm) or self-immobilization of microbes (floc/granule) (Cai, 2020; Costerton et al.,
1978; Flemming et al., 2016). The formation of microbial aggregates can be regarded as a

multiple-step process, to which physiochemical forces and biological properties play a
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crucial role (Liu & Tay, 2002; O'Toole et al., 2000): (1) cell-to-cell contact, (2) attractive
forces between cells causing them to aggregate, (3) microbial colonies formation and
maturation of microbial aggregate, (4) establishment of the final three-dimensional structure

of microbes shaped by shear forces and dispersion/invasion of planktonic microbes.

Biological systems are shaped by a reciprocal organism—environment influence called the
“dynamic fitness landscape” (Nowak & Sigmund, 2004; Pfeiffer & Schuster, 2005).
However, ecological interactions (organism-organism influence) also play a fundamental
role in microbial community assembly (Barber et al., 2022; Embree et al., 2015; Zelezniak
et al., 2015). In this study, the dynamic fitness landscape concept has been adopted but
considering organism-organism influence, defining different ecological environments for

specific eco-interactions between populations in community.

The mechanisms that control spatial distributions of microbial populations, the influence of
the environmental factors to microbial community assembly (cell-environment interactions),
and the ecological impact of the most relevant spatial distributions to microbial community
(cell-space interactions) are still poorly understood. Visual analysis of spatial distribution of
microbial populations helps us to comprehend the function and the dynamics in aggregated
systems (W. Liu et al., 2016). The link between species interactions (cell-cell interactions)
and spatial organization of species has been already established for biofilm systems (W. Liu
et al., 2016; Momeni, Brileya, et al., 2013). Among all possible eco-interactions, mutualism
between bacterial species (or phenotypes) and the competition with cheaters are the most
studied systems in this topic (Dal Co et al., 2020; Mitri et al., 2011; Momeni, Brileya, et al.,
2013; Momeni, Waite, et al., 2013; Nadell et al., 2010). However neutralism, competition or
commensalism are more common than cooperation/mutualism among cultivable bacteria
(Palmer & Foster, 2022). Here, a mechanistic model has been used to simulate the maturation
process of microbial aggregates considering neutralism, competition and commensalism to
expand our comprehension of how cell-cell, cell-environment and cell-space interactions
affect microbial community assembly in aggregates (relative abundances, microbial fitness,
microbial colony formation and spatial distribution of microbial populations). Besides, the
presence of multiple eco-interactions was also evaluated (competition plus commensalism).
In addition to the fact that competition and commensalism are the ecological interactions
that govern canonical nitrification (AOM and NOB), the reasons why the other ecological
interactions have not been included in this study are indicated in Appendix C

(Supplementary Text). This study reveals how the ecological environment (established by



Chapter 6 | 92

the existing interactions among microbial communities and local conditions) controls the

spatial organization of individuals and the overall community assembly in aggregates.
6.2. Methods

Briefly, the model considers a two-dimensional space in which self-attached microbes of
three different populations grow and divide (identified as B1, B2 and B3). The three
populations considered have the same characteristics and growth kinetics (Table C.1).
Therefore, the community maintains a theoretical equal-fitness. The theoretical equal-fitness
assumption allowed us to elude the influence of growth kinetics upon the microbial
community assembly and also to observe the genuine impact of the eco-interaction/s over
the microbial fitness. The three populations have different metabolic stoichiometries which,
in turn, define the eco-interaction/s between them. The net effects of eco-interactions among
the partners are presented here as symbols in a square bracket (Momeni, Brileya, et al.,
2013). Following the series [B1,B2,B3] — neutralism [0,0,0]; competition [-,——]; and

commensalism [0,+,+] (Table 6.1).

Table 6.1. Definition of eco-interactions. Summary of ecological net effect on bacteria and their

respective metabolic stoichiometries. Full stoichiometric matrix in Table C.2.

Ecological net effect Metabolic stoichiometries®

(0,—or+)* A B C D
Neutralism B1 0 -1/¥xs 0 0 1/Yxs
[0,0,0] B2 0 0 -1/Yxs 0 UVs
_ B3 0 0 0 -1/Yxs 1/Yxs

Competition Bl - -1/Yxs 1/Yxs 0 0

B2 - -1/Y¥xs 1/Yxs 0 0

. B3 — -1/Yxs /Y xs 0 0

Commensalism Bl 0 -1Yxs 1/¥xs 0 0

B2 + 0 -1/Yxs 1/Yxs 0

[0,+,+]

B3 - 0 0 -1/Y'xs 1/Y xs

2] abel legend: no effect (0), negative effect (-), positive effect (+).
b Units: (mol S)-(mol X). Negative value: consumption. Positive value: production.

A constant concentration of substrates was fixed at the limits of the simulation domain
(Dirichlet boundary conditions) which diffuse throughout the aggregate, generating local
gradients in substrate concentrations. In all experiments, the aggregates grow until the
relative abundance of the microbial populations, substrate/product concentrations in the bulk
liquid, and actual growth rate (1) remain unchanged therefore reaching steady state (unless
otherwise indicated in the caption of the figure). In these conditions microbial fitness (F) can

be calculated as the actual microbial growth rate (u), because a single environment was
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imposed in the simulation experiments (Bruggeman et al., 2020). Although active movement
nor dispersion/invasion was considered, microbes could move passively due to shoving
forces exerted by neighbouring individuals as they grow and divide. For more information

about the model, see Chapter 5.
6.2.1. Set of simulations

The starting point is a premature aggregate of 20 um in which microbial species are
randomly distributed. In all simulations, three different microbial populations have been
considered named B1, B2 and B3. For each type of simulation experiment, the eco-
interaction/s among microbial species is defined by their metabolic stoichiometries
(neutralism, competition, commensalism or commensalism + competition; Figure 6.2) and

substrate concentrations in the bulk liquid (range of concentrations).

A) Neutralism C) Commensalism

A B C
000 990
B) Competition D) Commensalism + competition

N 7N
Q00 @@ O

Figure 6.2. Representation of eco-interactions among B1 (purple), B2 (green) and B3 (orange).
A) Neutralism: [0,0,0]; no impact on B1, B2 and B3. B) Competition: [-,——]; negative impact on
B1, B2 and B3. C) Commensalism: [0,+,+]; no impact on B1, positive impact on B2 and B3. D)
Commensalism + competition: [0,+,+] or [-——]; impact on B1, B2 and B3 is defined by the

environment.

The simulations are run in triplicates or sextuplicate, using different random distribution of

microbial species as starting point. The details of simulation setups are given in Table C.3.
6.2.2. Calculation of colony size

Colony size (Pc) is the perimeter of circular section in which colony occupies, calculated by
Eqg. 6.1.

P. = 2n(r) (555) (6.1)

360
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Where (r) is the average radius of colony section and 6 is the angle of colony section. In
this case, relative size of colonies was employed to neglect the influence of aggregate radius
in the analysis (standardization of results). The relative colony size is defined as (Pc/Pr),

where Pr is the total perimeter of the aggregate.
6.2.3. Definition of eco-interaction modulus (¢e)

The Thiele modulus describes the relationship between the characteristic time for diffusion
rate over the characteristic time for reaction rate, that is, between the surface reaction rate
over the diffusion rate through the aggregate. Although Thiele modulus (¢) was originally
developed for immobilized catalysts (Thiele, 1939), it has already been applied in microbial
aggregates (Chen et al., 2010; Liu et al., 2005) to evaluate the influence of diffusional
resistance in biological systems. The modified Thiele modulus for biological systems (¢gio,
Eq. 6.2) was obtained by the ratio between characteristic time for diffusion (t4is; EQ. 6.3)

and characteristic time for Monod-type reaction rate (ty yonod ; EQ. 6.4):

-X
Prio = R |7 6.2)

R2

Taiff = Ds (6.3)

Yxs Ks+Cs
Hmax X

TrMonod — (6-4)

Where R is the radius of aggregate (characteristic distance), s is the specific uptake rate of
substrate S, X is the biomass concentration, Ds is the diffusion coefficient of substrate S, Cs
is the concentration of substrate in bulk liquid, and Yxs is the growth yield coefficient. When
¢gio Value is large, internal diffusion of substrate limits the overall microbial activity. In
contrast, when ¢g;, value is small, the biological reaction (uptake of substrates) is usually
rate-limiting. The next step is to correlate the eco-interactions that might influence the spatial
distribution of microbial populations. In this case, a ¢g;, for substrate A (related to
commensalism) and another for O (related to competition) (¢4 and ¢q-, respectively) were
defined. Then, the ratio of ¢, over ¢y, was performed obtaining the eco-interaction
modulus (¢, EQ. 6.5).

(na-qa)
¢r1 = Lo - \/ /(DA Ca) (6.5)

boz \/(noz : QOZ)/( )
Doz - Co,



Chapter 6 | 95

Where na is the relative abundance of microorganisms that consume A and noz is the relative
abundance of microorganisms that consume O2. Where q; is the specific substrate uptake
rate, Di is the diffusion coefficient, C; is the concentration of substrate I in bulk liquid, and

ni is the relative abundance of the microbial population that consume the substrate i.
6.2.4. Statistical analyses

Statistical significance of the differences of relative abundances of B1, B2 and B3, and
relative colony size among the tested substrate concentrations was assessed using the
Welch'’s test. One population cannot be considered independent from the others in the same
simulation, therefore, statistical significance between the microbial fitness of B1, B2 and B3
was assessed using the paired t-test. To evaluate the correlation between relative abundances

of bacteria and microbial fitness (F), Person’s correlation was used.
6.3. Results and Discussion

To explore the intrinsic influence of eco-interactions on the development of microbial
communities growing in aggregates, a multispecies system was simulated using Individual-
based Modelling (IbM). Examples in literature of empirical tests have demonstrated the
ability of IbM to make accurate predictions for real biological systems that can offer
mechanistic explanations of underlying biological processes (Borer et al., 2020; Ciccarese
et al., 2022; Dal Co et al., 2020; Mitri et al., 2016; Momeni, Brileya, et al., 2013; Momeni,
Waite, et al., 2013; Schluter et al., 2015; Weber et al., 2014; Xavier et al., 2007; Xavier et
al., 2004).

6.3.1. Influence of single eco-interaction on microbial communities

Three single eco-interactions were defined: neutralism (no interaction between populations),
competition (all microbial populations consume the same resource), and substrate-related
commensalism (some microbial populations consume the metabolic product yielded by
others). In a first step, independent simulations were designed with the objective to identify
the patterns of spatial structures that are associated to each ecological interaction under

different total substrate concentrations ([S]r, see Table C.3).
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6.3.1.1. Neutral environment and the inevitable competition for space

Mitri et al. (2016) concluded that spatial organization of microbial communities was only
observed when resources were limited. Under conditions of excess of substrates, the
microbial colonies remained well-mixed (i.e., high colony heterogeneity). From an
ecological perspective, resource availability has a direct impact on interactions among
species. For example, a limited resource environment intensifies the competition for the
substrate. Then, the influence of the eco-interactions on community assembly could be
modified by changing the resource availability up to a hypothetic null effect (neutral
environment). A set of simulations was performed considering the three eco-interactions
defined (neutralism, competition, and commensalism) under different substrate
concentrations (100 mM, 10 mM, 1.0 mM).

Figure 6.3 corroborates that substrate limitation is the cause for the generation of spatial
patterns of microbial communities. When substrate is not limiting inside the aggregate
(simulations with [S]t =100 mM), no particular spatial arrangement of microbial
populations was observed in any of the considered eco-interaction (Figure 6.3A). Inoculum
size and diffusion through the aggregate influence the observed level of colony heterogeneity
(Figure C.1) (Mitri et al., 2016). When the substrate concentration in the bulk liquid was
reduced from 100 mM to 10 and 1 mM (Figures 6.3B and 6.3C, respectively), distinctive
spatial distributions of microbial populations emerged. Radial expansion of populations is

associated to the presence of gradients of substrate concentrations (see Videos C.1 and C.2).

The well-mixed structures observed in this study and in Mitri et al. (2016) are associated
with environments in which substrates are not limiting (i.e., neutral environment), regardless
the eco-interaction between microbial populations. However, there will always be a gradient
of substrate concentrations in maturated aggregates of a given size (Alphenaar et al., 1993;
Tay et al., 2002).



Chapter 6 | 97

Neutralism [0,0,0] Competition [-,-,- Commensalism [0,+,+]
A)
=
£
8
-
i
-
o,
60pm 60um 60um
B)
=
E
o
—
1
o
)
50pum 50um 60pm
Q)
b3
£
Ll
i
ke
1)
®s1
® 52

®s3

Figure 6.3. Spatial distribution of microbial populations at different substrates concentrations.
A) Aggregate pictures captured after 8 d of simulation considering neutralism, competition and
commensalism with [S]r = 100 mM. B) Aggregate pictures captured at 10d of simulation
considering neutralism, competition and commensalism with [S]t = 10 mM. C) Aggregate pictures
captured at 15d of simulation considering neutralism, competition and commensalism with
[S]r = 1 mM. None of the simulations are in steady state yet. Black solid line on bottom-right of
aggregates represent the scale bar. Substrate profiles on the transverse plane of aggregates have
been included on Figure C.2. In these simulations, all bacteria are active.

In Figure 6.4, neutralism (null ecological interactions between populations) is analysed with
more detail and under conditions of substrate limitation ([S]T < 1.0 mM). In this situation,
microbial populations consume different substrates, but the limitation of substrate
availability increases the pressure for space competition between different populations. No
significant differences between relative abundances of active bacteria were observed among
populations (all around 33%, Figure 6.4), but there was a significant difference between
microbial fitness of populations at 1.0 mM (Figure 6.4B). This was the result of stochastic

dynamics, such as the initial distribution of inocula or the position of new cells. In addition,
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a strong positive correlation between relative abundances and microbial fitness was observed
at limiting substrate concentrations (r = 0.760 — 0.947, p < 0.003; Figure C.3A).
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Figure 6.4. Neutralism [0,0,0]. A) Relative abundances of B1, B2 and B3 populations in the
community. Dashed red lines indicate 33.33% and 66.66% relative abundances. B) Microbial fitness
(median, F) is calculated in all replicates (n =3 for 1.0 mM and 0.5 mM, n =6 for 0.2 mM).
Asterisks indicate the significance level of the difference between B1, B2 and B3 specific growth rate.
C) Aggregates captured at steady state (75 d for 1.0 mM and 0.5 mM, 100 d for 0.2 mM). Inactive
bacteria are shown in a lighter colour. Black solid lines on bottom represent the scale bars.

Significance level legend: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

In neutralism, some bacteria were able to remain active although they were farther from the
source of nutrients (i.e., the bulk liquid) than other species (Figure 6.4C). If the substrate is
not consumed by the corresponding microbial population, mass transfer resistance (i.e., the
resistance to the net movement of substrates through the aggregate) is the only reason for
substrate gradients, which explains the aforementioned positive correlation between relative
abundances of active bacteria and microbial fitness. If more bacteria of certain species are
on the external part of the aggregate, they would grow faster (increasing the fitness median)
and, as consequence, be relatively more abundant. In contrast, those bacteria which are in a
deeper position, have less available substrate due to the gradients generated and,
consequently, grow slower. The aforementioned observations highlight the importance of
the spatial distributions in aggregates and therefore the inherently present competition for

space when substrates are limiting (cell-space interactions).
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6.3.1.2. Competition for substrate

In this section, how the presence of competition for the same substrate could influence the
spatial structure of the microbial community is analysed (Figure 6.5). The same microbial
community of three populations was employed, but now competing for same substrate
([S]T < 1.0 mM).

No significant differences on relative abundances or microbial fitness of populations were
observed in the community (Figures 6.5A and 6.5B). In addition, no correlation between
relative abundances and microbial fitness was found (r = -0.040 — 0.290, p > 0.240; Figure
C.3B). Figure 6.5C shows radial distribution of microbial populations at already early stages
of the maturation of the microbial aggregate. In this thesis, the term ‘columned stratification’
will be used to refer the particular spatial distribution observed in competitive case. Patterns
of columned stratification on microbial populations in competitive environments is
consistent with previous findings (Hallatschek et al., 2007; Mitri et al., 2016; Momeni,
Brileya, et al., 2013). The similarity on microbial fitness observed in Figure 6.5B was
maintained thanks to the spatial distribution, that enabled all bacteria, whatever their relative
abundances were, to get access to substrate. This differs with the previous results obtained
simulating neutralism, in which a positive correlation between relative abundances and
microbial fitness was observed (Figures 6.4 and C.3A). These differences can be explained
due to an increased substrate limitation in the competitive environment, which leads to larger
substrate gradients and, therefore, to more defined radial spatial structures (i.e., columned

stratification).

Additionally, a negative correlation between substrate concentration and the relative colony
size for the different populations was observed (computed as the perimeter of a circular
section that a population occupies without the interference of other populations in the
community over the total perimeter of the aggregate, see Methods) (Figure 6.5D). When
substrate availability is reduced, the competition for same resource (and for space) is
intensified. The minimum colony size to thrive in a competitive environment will be higher

as limitation for substrate increases.
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Figure 6.5. Competition [-,—,—]. A) Relative abundances of B1, B2 and B3 populations in the
community. Dashed red lines indicate 33.33% and 66.66% relative abundances. B) Microbial fitness
(median, F) is calculated in all replicates (n = 3 for 1.0 mM and 0.5 mM; n = 6 for 0.2 mM and
0.1 mM). Asterisks indicate the significance level of the difference between the specific growth rate
of B1, B2 and B3 populations. C) Aggregates captured at steady state (50 d for 1.0 mM and 0.5 mM,
75 d for 0.2 mM and 0.1 mM). Inactive bacteria are shown in a lighter colour. Black solid lines on
bottom represent the scale bars. D) Average relative size of colonies (with respect to the total
perimeter of the aggregate) is calculated in all replicates (n = 3 for 1.0 mM and 0.5 mM; n = 6 for
0.2 mM and 0.1 mM). Asterisks indicate the significance level of the difference between substrates
concentrations. Significance level legend: ns, not significant; *, p <0.05; **, p <0.01; ***,
p < 0.001.

6.3.1.3. Substrate-related commensalism: division of labour

A new set of simulations was performed considering substrate-related commensalism, in
which population B1 feeds B2 and then, B2 feeds B3. From this interaction, populations B2
and B3 benefit from the community, while B1 is not benefited or harmed: [0,+,+]. As in

previous simulations, substrate limitation inside the aggregate was forced ([S]T < 1.0 mM)
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to study the influence of the commensal environment on the microbial community assembly
(Figure 6.6).

No significant differences in the relative abundance of bacteria between the simulations at
different substrate concentrations were observed, except at 0.5 and 0.1 mM (Figure 6.6A).
Although the same growth Kinetics are considered for all populations (Umax, Ks, bmax and
Yxs), microbial fitness of B1, B2 and B3 populations were significantly different at the end
of the simulations (Figure 6.6B). In all substrate concentrations, microbial fitness values
followed the same pattern — B1 population grew faster than B2, and B2 grew faster than B3.
This can be attributed to the commensal interaction and feeding regime. A strong positive
correlation between relative abundances and microbial fitness was observed for all the
substrate concentrations tested (r = 0.950 — 0.982, p < 0.001; Figure C.3C).

Distinct spatial distributions emerged on the different limiting substrate concentrations
(Figure 6.6C). At substrate concentrations of 1.0 mM, microorganisms which perform the
sequential metabolic steps (B2 and B3) were found on the peripheral part together with their
metabolic predecessor (B1). In simulations with 0.5 mM, only B1 and B2 were on the
peripheral part, and B3 remained always below their metabolic predecessors. Then, under
higher substrate limitations (0.2 mM and 0.1 mM) microbial communities generated a
concentric disposition of active bacteria from different populations following the metabolic
sequence of commensalism. The term ‘layered stratification” will be used when referring to

the concentric distribution of active cells observed in commensal case.

The transient change of the growth rate ratios of active B2 and B3 over B1 (tiz,/fiz; and
lgs/ g1, respectively) shows the contribution of space competition on microbial
community assembly, and also the importance of the early stages of the maturation process
(Figure 6.6D). Metabolic successors (B2 and B3) will always be able to stay at the peripheral
zone (even if they grow slower than their predecessor B1) as long as they occupied enough
circular region at the early stages of maturation process. This happened when the growth
rate of all the populations was similar at the beginning of maturation process (Figure 6.6D).
Layered stratification minimizes mass transfer resistances and favours the growth rate of the
metabolic successors (Figure 6.6D), as the populations grow in the positions where higher

concentrations of substrates are generated (Figure C.4).
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Figure 6.6. Commensalism [0,+,+]. A) Relative abundances of B1, B2 and B3 populations in the
community. Dashed red lines indicate 33.33% and 66.66% relative abundances. Square brackets
with asterisks indicate the significance level of the difference between relative abundances between
populations. Colour of asterisks points out what bacteria it refers to. B) Microbial fitness (median,
F) is calculated in all replicates (n =3 for 1.0 mM and 0.5 mM; n =6 for 0.2 mM and 0.1 mM).
C) Aggregates captured at steady state (50 d for 1.0 mM and 0.5 mM, 75 d for 0.2 mM and 0.1 mM).
Inactive bacteria are shown in a lighter colour. Black solid lines on bottom represent the scale bars.
D) Transient change of growth rate ratios of active B2 and B3 over Bl (tiz, /i1 and tigs/ (g1,
respectively) in all replicates (n = 3 for 1.0 mM and 0.5 mM; n = 6 for 0.2 mM and 0.1 mM). Growth
rate ratios, normalise the comparison and reduce the influence of substrate concentration in the
analysis. Dimensionless time was applied to compare simulations with different time length (tmax).
Asterisks indicate the significance level of difference between 1.0 mM and the other concentrations
(2.0 mM vs 0.5 mM; 1.0 mM vs 0.2 mM; 1.0 mM vs 0.1 mM). Colour of asterisks: red — growth rate
ratio at [S] is lower than that at 1.0 mM; blue — growth rate ratio at [S] is higher than that at 1.0 mM.
Significance level legend: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Width of the
lines indicate the time to which the significance level corresponds. Colour of the lines: green — B2;

orange — B3.
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The association of layered stratification with commensalism is observed in many
environmentally relevant microbial processes (such as nitrification, organic anaerobic
digestion or herbicide degradation) (Breugelmans et al., 2008; Poot et al., 2016; Schramm
et al., 1996; Sekiguchi et al., 1999) and in vitro communities (Christensen et al., 2002;
Momeni, Brileya, et al., 2013; Nielsen et al., 2000). Momeni, Brileya, et al. (2013) cultured
two engineered yeast strains in which the metabolic predecessor took lysine from the media
and overproduced adenine to feed the metabolic successor observing (and also predicting by
modelling) layered stratification. The feeding regime in this study was different leading to
lysine depletion, therefore populations were organised without following the metabolic
sequence. In the study presented here, the substrate of the metabolic predecessor (B1) was
constantly fed on the system favouring its dominance, and the layered stratification

following the metabolic sequence.

6.3.2. Concurrence of multiple eco-interactions

Microbial ecology is more complex than a single eco-interaction system. In the following
simulations, the concurrence of two eco-interactions was considered, keeping the same
microbial system of three populations: substrate-related commensalism (substrate A) and

competition for substrate (O2).

The results are presented in Figure 6.7 at different concentrations of substrate A (1.0 mM to
0.05 mM) and O2 (10 mg/L to 1 mg/L). A layered stratification of microbial communities
(associated with commensalism) was observed when concentration of substrate A was equal
or lower than 0.1 mM and concentration of O> was equal or higher than 6 mg/L. Columned
stratification of microbial communities (associated with competition) was observed when
the concentration of O. was 1 mg/L and/or concentration of substrate A was higher than
0.1 mM. The influence of the environment over the spatial distribution of microbial
populations was also indicated by Momeni, Waite, et al. (2013), as the presence or absence
of key substrates for cooperation (adenine and lysine) affected spatial distribution of

cooperators.

Comparing the substrate profiles on the transverse plane that correspond to the spatial
distributions presented in Figure 6.7 (see Figure C.5), a clear relationship between the most
limiting substrate and the observed final microbial spatial distribution was found. When
substrate A was more limited than O> (commensal environment), layered stratification of

populations was observed. In contrast, a columned stratification emerged when O, was more
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limited than substrate A (competitive environment). The limiting substrate establishes the
ecological environment of the aggregate and therefore, the spatial distribution of microbial

populations.
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Figure 6.7. Aggregates captured at steady state considering commensalism and competition for
0,. Steady state times: 50d for [S]r = 1.0 mM, 0.5 mM, 0.1 mM and [O]. = 10 mg/L, 6 mg/L; 75d
for [S]r = 1.0mM, 0.5mM, 0.1 mM and [O]. = 1mg/L; 100d for [S]+ = 0.05mM and
[O]. = 10 mg/L, 6 mg/L, 1 mg/L. Inactive bacteria are shown in a lighter colour. Substrate profiles
on the transverse plane of aggregates have been included on Figure C.5. Aggregates captured at
steady state.

The ecological environment in the aggregated system (commensal or competitive) not only
influenced the spatial distribution of microbial populations, but also the relative abundance
of active bacteria (Figure C.6). When a commensal environment was present ([S]r < 0.1 mM
and [O2] >6 mg/L), a similar proportion of bacteria (B1:B2:B3) to single-interaction
commensalism simulations (Figure 6.6A) was observed (1:0.6:0.3 for single-interaction
commensalism; 1:0.6:0.4 for commensalism plus competition; p > 0.05). In contrast, when
a competitive environment was present ([S]t > 0.1 mM and/or [O2] = 1 mg/L), a completely
different proportion of bacteria to single-interaction competition (Figure 6.5A) was found
(1:1:1 for single-interaction competition; 1:0.4:0.1 for commensalism plus competition;

p < 0.0001). In a competitive environment, lower proportion of B2 and B3 populations than
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in commensal environment was observed. No clear trend of microbial fitness was found as
result of the ecological environment (Figure C.7). In general, the predominant trend in
microbial fitness was the same as in single-interaction commensalism (Fg1 > Fg2 > Fgs3,
Figure 6.6B), although in some competitive environments (e.g.,, 1 mM:6 mg/L,
1 mM:I1mg/L or 0.5mM:1mg/L; [S]T:[Oz]) the fitness of the populations was not
significantly different (like in single-interaction competition, Figure 6.5B). This can explain
why a different proportion of B1, B2 and B3 was found when a competitive environment

dominated the community assembly (Figure C.8).

From an ecological perspective, the columned stratification found in competitive
environments allows populations with lower fitness than their competitors to co-exist. This
particular ecological influence of the spatial distribution is fundamental for the dominance
of cooperation over cheating (Momeni, Waite, et al., 2013). Therefore, established columned
stratification might hinder the repression of certain microbial populations living in
aggregated systems (e.g., the repression of NOB to achieve partial nitritation and anammox
process). However, less competitive species in aggregates must be able to compete for its
space and survive at the early stages of maturation when the stratification is not formed. For
example, if lone cooperator cells (less competitive due to investment in secretion) meet with
the cheater before they have a chance to establish the colony, this cooperation will be
inhibited by competition (Mitri et al., 2011).

Layered stratification was identified as the optimal spatial organization of microbial
communities in which division of labour occurs (i.e., substrate-related commensalism). This
microbial distribution is also observed in protective environments, in which the peripheral
population would act as a protector of the others (Almstrand et al., 2014; Cole et al., 2004;
Kleerebezem et al., 2021).

6.3.2.1. Eco-interaction modulus (¢e)

Concentration gradients of substrates in microbial aggregates are the result of mass transfer
limitations and biological activity. Inevitably one of them will be the rate-limiting process
depending on the conditions and the biological system. Substrate gradients only emerge
when mass transfer resistance is sufficient to limit the rate of the reaction. In the presence of
multiple substrates, the limiting one can be identified by comparing diffusion and reaction
rates. The eco-interaction modulus (Eq. 6.5, ¢g;) is defined as the ratio between the

biological Thiele modulus of involved substrates (see Methods). If ¢g; is higher than 1.0,
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substrate A is the most limiting and therefore, a commensal environment would be present.
If ¢g; is lower than 1.0, O2 is the most limiting inside the aggregate and a competitive

environment would be present.

The eco-interaction modulus (¢g;) presented in Eq. 6.5 was computed for all simulation
experiments considering commensalism (initiated by consumption of substrate A) and
competition for O2 under different concentrations (Figure 6.8). When ¢g; was higher than
1.0, microbial communities were distributed following a layered stratification (commensal
environment), whereas when ¢g; was lower than 1.0, microbial communities were organized
following a columned stratification (competitive environment). A particular distribution of
microbial species was noticed when [A] and [O2] was 0.1 mM and 3.75 mg/L, respectively
(g = 1.07). In this case, a mixture of layered and columned stratification was observed,
because the substrate limitation in the spatial distribution of populations was not uniform. In

certain zones Oz was the most limiting substrate, in others the substrate A (see Figure C.9).

In addition to the environment (in this case, established by the substrate concentrations), the
diffusivity of substrates through the aggregate plays a fundamental role on the control of the
spatial distribution of microbial populations, especially for substrates with higher molecular
weight (L. van den Berg et al., 2022; van den Berg et al., 2021). Diffusion coefficient (Dj)
states the diffusion rate of certain substance into the fluid. Therefore, those substrates with
lower diffusion coefficient will tend to be the limiting substrate in the aggregate, establishing
the ecological environment and, consequently, the spatial distribution of microbial
populations. In order to illustrate the influence of diffusion coefficient, one of the cases
considering concurrence of commensalism (substrate A) and competition (O2) was simulated
again but now reducing the diffusion coefficient of substrates A, B, C and D (from 3.60x10®
to 0.5x10° m?/h). As example, the environment with 1.0 mM of A and 10.0 mg/L of O
(competitive environment, ¢5; =0.65) was applied starting with the same inoculum
(Figure C.10). With the new diffusion coefficients, substrate A (instead of O2) was the most
limiting (¢ =1.51, commensal environment), obtaining a layered stratification of

microbial populations.
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Figure 6.8. Eco-interaction modulus diagram for simulations considering commensalism and

»
>

competition for O, with [A] =1.0 - 0.1 mM and [O2] = 14 — 1 mg/L. Aggregates captured at steady
state (75d for [S]r = 1.0 mM and [O.] = 1 mg/L; 50 d for all other conditions). Inactive bacteria
are shown in a lighter colour. Eco-interaction modulus calculated by Eqg. 6.5 for each replicate.
Colour legend: B1 — purple; B2 — green; B3 — orange.

6.3.3. Shear forces (detachment) controlling the spatial distribution of
populations

Formerly, it has been described how the environment (substrate(s) concentration) together
with the eco-interactions between species determine the spatial distribution of microbial
populations. However, other environmental factors are also participants of the microbial

community assembly in aggregates.

Shear forces, responsible for detachment in microbial aggregates, are one of the major
factors involved in the formation of biofilms and granules. Steady state structures of
aggregates are highly dependent on the shear forces, stablishing their thickness and density
by microbial detachment (Liu & Tay, 2002). Biofilm thickness has a significant impact on
microbial community composition and spatial distribution (Suarez et al., 2019) — a clear
stratification of populations was observed in thick biofilms (400 pum), but not in thin ones
(50 um). In order to evaluate the influence of shear forces on the identified spatial
distributions (columned and layered stratification), some of the conditions studied was
simulated again but now setting a maximum radius of aggregate of 30 um. All bacteria that
were more than 30 um away from the centre of the aggregate were removed from the system
(detachment) (Figure 6.9).
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Figure 6.9. Influence of shear force (detachment) to spatial distribution of microbial populations.
Aggregates captured at 50d when a maximum radius of 30 um (due to the detachment) was
considered. Aggregates captured at 50 d. Three conditions were evaluated — competition
([S]r = 0.2 mM), commensalism ([S]r = 0.1 mM), and commensalism + competition ([S]t = 0.1 mM
and [O;] = 10 mg/L). Inactive bacteria are shown in a lighter colour. Substrate profiles on the
transverse plane of aggregates have been included on Figure C.11. The simulation experiments
including detachment were started with the same inoculum as those without detachment with the
objective to observe the genuine impact of the shear force in the spatial distribution of the microbial

populations.

Like in Suarez et al. (2019) study, the spatial distribution of microbial communities was lost
when the maximum radius was fixed for simulations involving commensalism or
commensalism + competition (layered stratification), but not in competition (columned
stratification) (Figure 6.9). When a maximum size of aggregate was applied, layered
distribution was not observed because the available region that generated the specific

microbial distribution was reduced significantly, and the metabolic successors (B2 and B3)
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were able to occupy the outer space of the aggregate that the metabolic predecessors (B1)
left free once detached (see Video C.3).

These findings predict that columned stratification is more robust than layered stratification
regarding detachment. The fragility of layered stratification might be a challenge for specific
bioprocesses in which its efficiency relies on generating this particular spatial distribution of
microbial populations. Example of this can be the combination of partial nitrification and

anammox process in one stage (Sliekers et al., 2002).
6.4. Conclusions

When analysing microbial growth in communities, the influence of cell-space interaction is
generally overlooked. The results presented in this study show how cell-space interaction
influences the assembly of microbial communities in aggregates, implying that (i) neutral
environment, without any particular distribution of populations, is only a transient state, (ii)
in competition, the availability of space controls the colony size of the populations, and (iii)
in commensalism their distribution. The spatial structures (defined by ecological
interactions) have in turn, implications on microbial growth and survival. The radial
distribution of microbial populations (addressed here as columned stratification) increases
the chance of less competitive individuals to thrive and co-exist with populations that grow
faster. On the other hand, the concentric disposition of communities (addressed here as
layered stratification) would be the optimal distribution for metabolic division of labour
(i.e., substrate-related commensalism). In addition, this study shows that although ecological
relationships between different populations influence their distribution in aggregates, the
environment (as operational conditions related to concentration of substrates or shear forces)
is controlling the final observed spatial distribution.



Competitive and substrate limited
environments drive metabolic
heterogeneity for

comammox Nitrospira.
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7.1. Introduction

Nitrification, the biological oxidation of ammonia to nitrate, is a crucial process of the
nitrogen cycle in natural and engineered systems. Formerly, nitrification was considered a
two-step process where ammonia is first oxidized to nitrite by ammonia-oxidizing
microorganisms (bacteria and archaea (Konneke et al., 2005; Treusch et al., 2005)) and then
nitrite is oxidized to nitrate by nitrite-oxidizing bacteria. The understanding of nitrification
as a process with an obligated division-of-labour was theoretically questioned (Costa et al.,
2006), and finally refuted by the discovery of nitrite-oxidizing bacteria belonging to the
Nitrospira genus capable to catalyse both steps of nitrification on their own (complete

ammonia oxidation, comammaox) (Daims et al., 2015; van Kessel et al., 2015).

The oligotrophic lifestyle of comammox Nitrospira (high affinity for ammonia and high
specific growth yield) was already predicted in its theoretical conceptualization (Costa et al.,
2006), and subsequently demonstrated by physiological studies (Kits et al., 2017; Sakoula
et al., 2021). However, there is still an open debate about the oxygen requirements for the
chemoautotrophic growth of comammox Nitrospira. Recent studies have found that
comammox Nitrospira is the dominant ammonia oxidizer in biofilm systems with localized
oxygen limitation (Cui et al., 2023; Roots et al., 2019; Shao & Wu, 2021), although others
have shown that comammox Nitrospira require an adequate oxygen supply to grow
(Gottshall et al., 2021; Zhao et al., 2022).

One of the first enrichments of comammox Nitrospira was obtained together with anammox
bacteria without any oxygen supply (oxygen was not detected by an oxygen sensor with a
detection limit of 3.1 uM of Oy) (van Kessel et al., 2015). Given this apparent capacity of
comammox Nitrospira to survive under so limited oxygen conditions, two novel cyclic
ammonia oxidation processes was proposed: (i) ammonia oxidation with combined use of
oxygen and nitrate as electron acceptors (nitrate-reducing ammonia oxidation), and (ii)
ammonia oxidation with nitrite as electron acceptor via intracellular production of molecular

oxygen (anaerobic nitrite-reducing ammonia oxidation) (Kleerebezem & Licker, 2021).

Although the available energy from the oxidation of nitrite is limited, the members of the
Nitrospira genus are ubiquitous in natural and engineered systems (Koch et al., 2015). This
survival capacity is explained by its physiological versatility and metabolic flexibility (i.e.,
their ability to obtain energy using alternative electron donor and electron acceptor such as

formate and nitrate, respectively) (Koch et al., 2015). Microbial populations commonly
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display heterogenous gene expression profiles that result in metabolic differences between
individuals of the same population (referred as metabolic or phenotypic heterogeneity)
(Ackermann, 2015; Dar et al., 2021; Evans et al., 2020). This diversity can promote the
persistence of a microbial population in fluctuating environments and also enable the
collaboration between individuals of the same population increasing their ability to survive
under nutrient-limiting conditions (e.g., intra-specific commensalism (Zacharia et al., 2021),
syntrophism (Mee et al., 2014) or protection (Rosenthal et al., 2018)).

For comammox Nitrospira, currently reported catabolic activities include ammonia
oxidation (AO), nitrite oxidation (NO) and complete ammonia oxidation (CMX) (Egs. 7.1 —
7.3). Their capacity to catalyse nitrate-reducing ammonia oxidation (NRMX) and anaerobic
nitrite-reducing ammonia oxidation (An-NRMX) have also been hypothesised (Egs. 7.4 and
7.5).

NH} + 1.50, - NO; + H,0 + 2H* (AG® = —274.7 k] mol™1) (7.1)
NO; + 0.50, - NO3 (AG® = —74.1k] mol™) (7.2)
NH} + 20, - NO; + H,0 + 2H* (AG® = —348.9 k] mol™1) (7.3)
NH} + 0, + NO3 — 2NOj; + H,0 + 2H* (AG® = —200.6 k] mol™1) (7.4)
NH} + NO; - N, + 2H,0 (AG® = —474.4 k] mol™1) (7.5)

In this study, using an in-silico approach, we have investigated the resilience of comammox
Nitrospira under different nitrogen and oxygen limited environments (based on early studies
(Daims et al., 2015; van Kessel et al., 2015)), and considering its potential metabolic
heterogeneity. A population of comammox Nitrospira growing together with anammox
bacteria under specific environmental conditions was simulated using an Individual-based
Model framework. With this framework, we are able to predict the stable activities of
comammox Nitrospira that are selected under the different oligotrophic environments tested
(predicting the potential metabolic niches for comammox Nitrospira). These results are
compared with reported experimental observations (Daims et al., 2015; Gottshall et al.,
2021; van Kessel et al., 2015). We have also evaluated the metabolic activities proposed by
Kleerebezem and Lucker (2021) for which no experimental observation has been reported

yet.
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7.2. Methods

7.2.1. Growth yield estimation of comammox Nitrospira

Growth yield for any metabolic activity can be predicted by evaluating the energy harvested
per mole of substrate consumed (Gonzélez-Cabaleiro et al., 2021). Because actual growth
yields of hypothetical metabolisms of comammox Nitrospira (NRMX and An-NRMX) are
unknown, their theoretical values were estimated according to a bioenergetics analysis. To
keep the analysis consistent, the methodology was also applied for the growth yield
estimation of AO, NO and CMX activities and these values were validated with experimental
data (Table 7.1). Only the growth yield value of anammox bacteria was taken as an average
from bibliographic values (0.0515 C-mol biomass per mole of N-NHz (Ni et al., 2009; Oshiki
et al., 2011; Puyol et al., 2014; Straka, 2019)) because the biochemistry of their catabolism
is not fully elucidated yet (Kartal & Keltjens, 2016; Ren et al., 2022).

The Gibbs free energy is calculated for each catabolic reaction per mole of electron donor
(Egs. 7.1—7.5). In the catabolic activities considered, no ATP is produced via substrate level
phosphorylation. Therefore, the energy for growth and maintenance comes solely from the
membrane potential. The amount of energy harvested (AG2L,) is calculated according to
Eq. 7.6.

AG, =v;-yi F-AY (7.6)
Where v, is the amount of electron acceptor used in energy harvesting per mol of electron
donor, y; is the number of electrons in each mole of electron acceptor, F is the Faraday
constant, and AW is the potential difference invested in the energy conversion. AW is
calculated as the redox potential difference between the electron acceptor and electron donor
pairs of the catabolic activity. For AO, NRMX and An-NRMX, AW is calculated as the
potential difference between the electron acceptor and the ubiquinone/ubiquinol pair
(AY =W, —W¥,). Like this it is considering that the energy-conversion steps are the
oxidation of hydroxylamine to nitrite, specifically when the electrons are transferred from
ubiquinone/ubiquinol pair to complex Il (Q cycle) (Berks et al., 1995; Gonzalez-Cabaleiro
et al., 2019; Yuan & Vanbriesen, 2002). For NO activity, AW is calculated as the potential
difference between the electron acceptor (O2) and the electron donor (A¥ = ¥, — ¥p, NO>)
as the Q cycle does not participate in its catabolic process (Lucker et al., 2010). For CMX

activity, AW is calculated as the sum of the potential differences estimated for AO and NO
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activities. Like this it is considering that the enzymatic groups for ammonia oxidation and
nitrite oxidation of comammox Nitrospira are fully compatible and catalyse their respective
reactions and transport of electrons to complex IV without limiting the activity of the other
enzymatic group. The values of y, and reduction potentials at pH 7 (¥;) used to calculate
the AG2L, values are shown in Table D1. In those catabolic activities where ammonia
oxidation takes place (AO, CMX, NRMX and An-NRMX), part of the consumed oxygen is
used for ammonia activation in the monooxygenation step (1 mol of O2) where all the energy

is considered dissipated (Yuan & Vanbriesen, 2002).

For all the activities evaluated, the energy required to generate 1 mole of new biomass
(CH1.8005No.2) from inorganic carbon was set as constant of 3500 kJ per C-mole of new
biomass formed (AGJ:,) considering that the expensive mechanism of reversed electron
transfer is necessary in autotrophic growth (Kleerebezem & Van Loosdrecht, 2010). The

growth yield values (Y p, in units of C-mole of biomass formed per mole of electron donor)
are calculated according to Eq. 7.7. With the estimated Yy, value and the stoichiometry of

the catabolic activities considered (Egs. 7.1 — 7.5), the growth yield over electron acceptor
and other metabolic compounds is also calculated.

YX/D = AG((I)cllt/ AG/?%a (7-7)

The calculated growth yields are compared with the available experimental values when
possible (AO, NO and CMX metabolic activities) but also with those obtained applying the
Thermodynamic Electron Equivalents revised Model (TEEMZ2) (McCarty, 2007)
(Table 7.1). The detailed description of the TEEM2 methodology is included in
Supplementary Methods (Appendix D).

The estimated growth yield values for AO and NO activities agreed with the experimental
values reported. The growth yield value reported for CMX was 15% higher than the one
predicted with our developed methodology. The highest growth yield values for ammonia
(Yxmnsz), nitrite (Yxmnoz) and oxygen (Yxoz) were found for CMX metabolism, AMX
bacteria and NO metabolism respectively, tendencies that were also observed for the
calculated theoretical values. Comparing the growth yields predicted by our methodology
and the TEEM2, less than 10% of difference was found in the growth yield estimations for
AO, NO and CMX (1.0%, 7.7% and 8.2%, respectively). The TEEM2 methodology also
predicts the highest YxhH3, Yxino2 and Yxio2 values for CMX, AMX and NO activities,

respectively.
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Table 7.1. Comparison between experimental and estimated growth yield values (in molcx/moly)
of comammox Nitrospira’s activities with current methodology in this study and TEEM?2. The
growth yield of anammox bacteria (AMX) is also included in the table (average of experimental data

from literature).

This study TEEM2 (e = 0.258) Literature
x100 Yxinnz  Yxmoz  Yxinos  Yxoz | YxinHs  Yxinoz  Yxinos  Yxio2 Y xjep®
AO 4.09 - - 2.72 4.13 - - 2.75 | 3.91-4.27
NO - 2.42 - 4.84 - 2.61 - 523 | 1.07-3.58
CMX 6.51 - - 3.25 6.00 - - 3.00 7.53
NRMX 1.67 - 1.67 1.67 2.24 - 2.24 2.24 -
An-NRMX 1.50 1.50 - - 0.35 0.35 - - -
AMX 5.15 5.15 - - - - - - 3.40 - 6.60

@ eD — electron donor. Yxnns for AO, CMX and AMX; Yxmo2 for NO. References: (Keen & Prosser, 1987; Martens-
Habbena et al., 2009) for AO; (Ehrich et al., 1995; Hunik et al., 1994; Nowka et al., 2015; Watson & Waterbury,
1971) for NO; (Kits et al., 2017) for CMX; (Ni et al., 2009; Oshiki et al., 2011; Puyol et al., 2014; Straka, 2019) for
AMX.

7.2.2. Multiscale model to describe the community assembly of

comammox Nitrospira and anammox bacteria

The Individual-based Model framework detailed in Chapter 5 was employed to simulate the
community assembly of comammox Nitrospira (considering the aforementioned metabolic
activities) and anammox bacteria. These grow in a suspended floc system under a dynamic
nitrogen and oxygen limited environment, simulating an ideal continuous stirred tank reactor
until it reaches steady state. Reactor parameters were based on the experiment setup of van
Kessel et al. (2015) (see Table D.2). The chemical species considered in this study
(ammonia, nitrite, nitrate and oxygen) diffuse through the flocs and they are consumed or
produced locally by the individuals which function of the local environmental conditions

change their growth and decay rates. Model parameters are presented in Table D.2.

In order to evaluate the actual influence of the metabolic heterogeneity on comammox
Nitrospira, and to be able to extrapolate the outcome of this study, no particularities of
specific bacteria species were considered. The kinetic parameters defining the Monod curve
for comammox Nitrospira and anammox bacteria (Umax, Kn, Ko2, a) were assumed equal
(non-kinetic competition, Table D.3) and were chosen following the guidelines stated below.
Under strongly limited environmental conditions like the ones simulated, the competition
for substrate has to be evaluated function of differences in growth yield (Yxss), as growth
occurs far from its maximum (pmax) (Kreft, 2004b). Although differences in substrate affinity

between species can play a role in selection (discussed in Section 7.4.4), the reported range
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of affinity values of ammonia and nitrite for comammox Nitrospira and anammox bacteria
overlaps (Figure D.1). Therefore, ammonia and nitrite affinities (Knnz and Knooz,
respectively) are considered of 1.0 uM for all the simulations in agreement with the values

reported for anammox bacteria (Figure D.1). The presence of certain protection for oxygen
of aerobic Nitrospira to anammox bacteria was ensured assuming K/ /Kj* = 1, which is

consistent with reported experimental data regarding the oxygen tolerance of anammox
bacteria (Table D.4). Lastly, complete metabolic stoichiometries of Nitrospira and
anammox populations are detailed in Table D.5. We did not consider active movement,
dispersion/invasion nor loss of microorganisms with effluent, but microbes move passively
due to the shoving forces exerted by neighbouring individuals as they grow and divide (see
Chapter 5).

7.2.3. Simulation experiments

All the simulation experiments started by considering 12 different microbial inocula
randomly generated. The time of simulation was 5.0 years based on the early enrichments
of comammox Nitrospira (Daims et al., 2015; van Kessel et al., 2015), obtaining a stable
community of comammox Nitrospira and anammox bacteria. The concentration of
substrates and products in the liquid bulk were calculated according to the mass balance of
a reactor operating in a continuous mode, where the simulated activity was assumed

representative of the average activity of the whole reactor (see Chapter 5).

The environmental conditions were selected based on early studies of comammox Nitrospira
(Daims et al., 2015; van Kessel et al., 2015). Three different nitrogen feeding regimes were
applied (defined as NH3:NO2:NOgz): ammonia feeding — 500:0:0 uM (Daims et al., 2015);
equimolar feeding — 500:500:500 uM (van Kessel et al., 2015); non-equimolar feeding —
500:375:500 uM (van Kessel et al., 2015). The influence of oxygen availability was
evaluated by establishing a constant bulk liquid oxygen concentration: anaerobic/hypoxic
conditions (0.0 uM, 1.0 uM, 1.5 uM and 3.0 uM of O) (van Kessel et al., 2015), and aerobic
conditions (93.8 uM of O) (Daims et al., 2015). For each condition, the simulations were

run in triplicates using different inocula (randomly generated).

Two additional sets of simulation experiments were performed to complement the main
results of this work. The first one considering a population of comammox Nitrospira
exclusively performing CMX activity to assess the importance of metabolic heterogeneity
in its survival under hypoxic conditions. The second one with lower and higher feedings of
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ammonia in aerobic conditions (93.8 uM of O2) following the experiment presented in
Daims et al. (2015).

7.2.4. Ecological analysis at floc level

In order to study the ecological implications of the metabolic heterogeneity of comammox
Nitrospira in the community assembly with anammox bacteria, an ecological analysis at floc
level was performed through a new measure of rank correlation between multiple variables
(multivariate Kendall’s t coefficient, see Appendix E), being able to interpretate not only
pairwise interactions but also the higher-order interactions (i.e., interactions between more
than two individuals). For this, the relative abundances of comammox Nitrospira activities
(AO, NO, CMX, NRMX and An-NRMX) and anammox bacteria (AMX) at the end of
simulations were used. The relative abundances of each metabolic group were collected
independently from all aggregates and replicates before using them in the correlation test.
Only those aggregates in which all metabolic activities were present in the inoculum were
subjected to the multivariate Kendall’s rank correlation test. The multivariate Kendall’s t

coefficient (ty) ranges from —1 to +1.

For pairwise interactions (corresponding to the conventional Kendall’s coefficient, (7), a
value of -1 indicates that one dataset ranking is the reverse of the other (i.e., negative
correlation), whereas a value of +1 indicates that the two rankings of the datasets are the
same (i.e., positive correlation). A value of 0 indicates no correlation between the datasets.
The interpretation of Kendall’s t from an ecological perspective depends on the type of

ecological interaction:

Collaboration = { T>0-+ 1pﬂuence (7.8)
7 = 0 —» no influence
. 7 = 0 - no influence
Competition = { 7 < 0 > — influence (7.9)
Collaboration 7 > 0 = + influence
+ = {7 = 0 - no influence (7.10)
Competition T < 0 - — influence

For higher-order interactions (t, coefficients), a value of +1 indicates that the N ranking of
datasets follows the particular tendency (represented with upwards (1) and downwards (|)
arrows), whereas a value of —1 indicates that the N ranking of datasets follows another

tendency entirely. A value of 0 indicates no correlation among the datasets. A unique ty
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coefficient is associated to a specific data trend (see Appendix E; Tables E.1 — E.4). The
source code to perform the ecological analysis at floc level is available on a public GitHub

repository at https://github.com/soundslikealloy/nOEN (release v1.0.0).

7.2.5. Parameters for the quantification of nitrogen removal

In this study, the amount of ammonia and nitrite oxidized to nitrate is referred as aerobic

nitrification performance, calculated by Eq. 7.11.

Aerobic nitrification performance (%) = % 100 (7.11)
3linf 2linf

Where [NOs],.; is the net concentration of nitrate in the bulk liquid (difference between
concentration in bulk liquid and influent, [NO3lg, — [NOslins), [NHzlip is the
concentration of ammonia in the influent, and [N 0,];,,s is the concentration of nitrite in the
influent. The rest of ammonia and nitrite is oxidized to N2 by anaerobic activities (An-
NRMX and AMX), referred as anaerobic oxidation, and its performance is calculated by
Eq. 7.12.

; Lo [Nos_]net—{[NHs]BL+[N02_]BL}>
0, — .
Anaerobic oxidation performance (%) (1 INHyling +INOZ Tiny 100 (7.12)

Where [NH;lg, and [NO;]g, are ammonia and nitrite concentration in bulk liquid,

respectively.
7.2.6. Statistical analyses

The statistical significance of the difference between relative abundances (wt. %) and
metabolic ratios across the different nitrogen feeding regimes and oxygen concentrations
were assessed using Welch’s t-test (Welch, 1947). To evaluate the correlation among the
relative abundances of Nitrospira’s metabolic activities and oxygen concentration, Kendall’s

rank correlation method (t) was employed (Kendall, 1938).
7.3. Results

Figure 7.1 shows the results from the simulation experiments of comammox Nitrospira and
anammox bacteria community growing on suspended flocs under nitrogen and oxygen
limiting conditions. Three different nitrogen feeding regimes (defined by NH3:NO2:NO3
ratio) and five oxygen concentrations were evaluated (Daims et al., 2015; van Kessel et al.,


https://github.com/soundslikealloy/nOEN

Chapter 7| 119

2015). All simulation experiments started with same proportion of comammox Nitrospira
performing AO, NO, CMX, NRMX or An-NRMX, and anammox bacteria.

In all tested conditions, the co-existence of different metabolic activities of comammox
Nitrospira was observed in steady state, predicting metabolic heterogeneity for comammox
Nitrospira in limiting conditions of nitrogen and oxygen. Only two metabolic activities of
comammox Nitrospira were totally suppressed under specific conditions: (i) NO activity at
1.0 uM of Oz and feeding only ammonia or non-equimolar nitrogen regime (Figures 7.1A
and 7.1C), and (ii)) An-NRMX activity at > 3.0 uM of O> regardless of the nitrogen feeding
regime. Although NRMX activity was not completely suppressed, its presence on the
community was always under 2.0 wt. %. In general, no specific distribution of comammox
Nitrospira or anammox bacteria was observed (Figures. 7.1 and D.2). The absence of
stratification of aerobic comammox Nitrospira (performing AO, NO, CMX or NRMX) and
anammox bacteria suggested that anammox did not need to be protected against oxygen at
these low oxygen concentrations (< 1.5 uM of O»). Layered stratification of AO and NO
activities, an expected distribution in commensalism (W. Liu et al., 2016), was only observed
when ammonia feeding and aerobic conditions (93.8 uM of O2) were applied (Figures 7.1A
and D.2A).

In anaerobic conditions, AMX dominated the community in both equimolar and non-
equimolar feedings of ammonia and nitrite (~96 wt. % of AMX and ~4 wt. % of An-
NRMX). Anaerobic activities (An-NRMX and AMX) only remained active at 1.5 uM of O
or below (Figure 7.1). In these hypoxic conditions, aerobic comammox Nitrospira
(performing AO, NO, CMX or NRMX) were also present. The aerobic activities always
outnumbered the anaerobic ones when ammonia feeding was applied (69.1% of aerobes and
30.9% of anaerobes at 1.0 uM of O, p < 0.003; 85.3% of aerobes and 14.7% of anaerobes
at 1.5uM of O, p<0.001; Figure 1A). NO activity was significantly benefited by an
equimolar feeding of ammonia and nitrite (p < 0.01; Figure 7.1B), turning to be the dominant
aerobic activity at 1.0 uM of O.. A significant reduction of NO abundance (or a total
suppression at 1.0 uM of O) was obtained with the reduction of nitrite in feeding and the
presence of anammox bacteria (Figures 7.1A and 7.1C). At higher concentrations of oxygen
(> 3.0 uM of O2), ammonia and nitrite oxidation were mainly carried out by AO, NO and

CMX activities (~98 wt. %) in all feeding regimes. Although we did not set any oxygen
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inhibition to An-NRMX activity, this metabolic activity was totally supressed by their
competitors.

A) Ammonia feeding B) Equimolar feeding C) Non-equimolar feeding
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Figure 7.1. Influence of nitrogen feeding regime (defined by NH3:NO2:NOs ratio) and oxygen
concentration (1.0, 1.5, 3.0 and 93.8 uM) on comammox Nitrospira and anammox bacteria
community. Relative abundances of Nitrospira (AO, NO, CMX, NRMX and An-NRMX) and
anammox bacteria (AMX), with each correspondent floc images (bottom panels) under A) ammonia
feeding (NH3:NO2:NO3z = 500:0:0 uM), B) equimolar feeding (NH3:NO-:NO3z = 500:500:500 uM),
and C) non-equimolar feeding (NH3:NO2:NOs; = 500:375:500 uM). The statistical significance
between different oxygen concentrations and nitrogen feeding regimes are shown in Tables D.7 and
D.8, respectively. Labels over each bar show Anammox:Nitrospira ratio at steady state. Black circles
on floc images represent inactive individuals. Additional floc images of comammox Nitrospira and
anammox community are shown in the Figure D.2.

The co-existence of division of labour (AO+NQO) and complete ammonia oxidation (CMX)
was present almost in all cases except in those conditions where NO activity was totally
suppressed (Figures 7.1A and 7.1C at 1.0 uM of O2). Absolute dominance of CMX activity

over division of labour was not observed in any case:
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e Applying ammonia feeding only (Figure 7.1A), CMX activity significantly
outnumbered division of labour, increasing their dominance at higher oxygen
concentration (p <0.04 at 1.0 uM of Oz ; p<0.009 at 1.5 uM of Oz; p<0.001 at
3.0 uM of O2; p <0.001 at 93.8 uM of O; Figure D.3A).

e Applying equimolar feeding (Figure7.1B), division of labour significantly
outnumbered CMX activity under hypoxic conditions (p <0.03 at 1.0 uM of Oy;
p<0.05 at 1.5uM of Oz; p<0.002 at 3.0 uM of O,; p=0.238 at 93.8 uM of Oy;
Figure D.3A).

e Same proportion of division of labour and CMX activity was always observed in non-
equimolar feeding (p > 0.08; Figure 7.1C).

Although AO activity never outnumbered CMX, a correlation between lower oxygen
concentrations and higher relative proportions of AO over CMX was observed (z = 1.00,
p <0.02 for only ammonia feeding; z=0.80, p < 0.05 for equimolar feeding; = = 0.80,
p < 0.05 for non-equimolar feeding; Figure D.3B).

7.4. Discussion

Comammox Nitrospira cocultured with anammox bacteria (Cui et al., 2023; Shao & Wau,
2021) has the potential to achieve high levels of nitrogen removal with a reduced energy
consumption for aeration, limited N>O emissions (Kits et al., 2019) and sludge production
(Luo et al., 2022). However, its activity remains unexplained, including their capacity to
survive in hypoxic conditions and their actual contribution to biological nitrogen removal.
Using a multiscale model (Individual-based Model), we have shown that under oxygen
and/or nitrogen limiting conditions, selective co-existence of different metabolic activities
of comammox Nitrospira occurs (metabolic heterogeneity). Our modelling results suggest
that even at extremely low oxygen concentrations (1.0 pM of O2) comammox Nitrospira is
able to survive in a proportion similar to the experimentally observed in van Kessel et al.
(2015) (Anammox:Nitrospira = 3:1).

Complete dominance of any of the metabolic activities of comammox Nitrospira was not
observed at steady state for any simulated conditions. The trends observed in the relative
abundances of NO and CMX activities can be explained by the metabolic efficiencies
associated to these activities (growth yield values of Table 7.1), and the most limiting
substrate that controls the microbial community assembly (i.e., the dominant substrate; see

Supplementary Discussion — Appendix D). NO activity dominated as aerobic activity under
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oxygen limitation when nitrite was available (Figure 7.1B; 1 uM of O). This can be
explained because it is the activity with the highest growth yield on oxygen (Yx/02). CMX
activity dominated when ammonia was limited and oxygen not (Figure 1A; 93.8 uM of Oy)

due to its higher efficiency on ammonia (Yx/nH3) Over its aerobic competitors.

Under strong limited conditions of substrates and high competition, metabolic efficiency
also defines the survival of microbial species. In low oxygen conditions, comammox
Nitrospira performing NO activity was outcompeted by AMX when nitrite feeding was
withdrawn or reduced (Figures 7.1A and 7.1C; 1 uM of Oy), because AMX has a higher
growth yield on nitrite (Yxmno2) than NO populations (Table 7.1). Repression of NO
benefited the other metabolic activities of comammox Nitrospira with lower Yx/o02 (AO,
CMX and NRMX). Under this competitive environment, the collaboration between
comammox Nitrospira (performing AO or NRMX) and anammox bacteria emerges
(collaborative competition, Figures 7.1A and 7.1C, Table D.10D). In all tested conditions
AO, CMX and NRMX activities coexisted. Although the growth yield of CMX on ammonia
(Yx/nnz) and oxygen (Yx/o2) was higher than AO and NRMX, the difference was not enough
for the suppression of the latter activities.

7.4.1. Metabolic heterogeneity for comammox Nitrospira

The results presented in Figure 7.2A suggest that comammox Nitrospira might only be able
to thrive together with anammox bacteria under hypoxic conditions because of its metabolic
heterogeneity. This is highlighted in the cases in which anammox bacteria is not dependent
of other individuals for nitrite availability (equimolar feeding case; Figure 7.2A).
Additionally, metabolic heterogeneity would explain the ubiquity of comammox Nitrospira
(Xia et al., 2018) and their stable association with anammox bacteria (Gottshall et al., 2021,
van Kessel et al., 2015). The considered simple competition among comammox Nitrospira
and anammox bacteria becomes a more complex ecological network, which combines both
collaborative interactions (commensalism and syntrophism) and competition (Figures 7.2B
and D.4, Table D.10).
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Figure 7.2. Value of metabolic heterogeneity for comammox Nitrospira. A) Impact of metabolic

heterogeneity on the survival of comammox Nitrospira under hypoxic conditions (1.0 and 1.5 uM of
0,) applying equimolar feeding (NH3:NO2:NO; = 500:500:500 uM) and non-equimolar feeding
(NH3:NO2:NO3 = 500:375:500 uM). MF — simulation experiments considering metabolic flexibility
in Nitrospira; oCMX —simulation experiments considering that Nitrospira only performs CMX
activity. Asterisks denote p-value significance where *, p <0.05; **, p<0.01; ***, p <0.001.
B) Ecological analysis at floc level (pairwise interactions) under conditions where comammox
Nitrospira and anammox bacteria remained active (1.0 and 1.5 uM of Oz). Ammonia feeding
(NH3:NO2:NO3z = 500:0:0 pM, left panels); equimolar feeding (NH3:NO2:NOs; = 500:500:500 uM,
centre panels); non-equimolar feeding (NH3:NO2:NOs; = 500:500:500 pM, right panels). Kendall’s
7 values Of metabolisms are presented on a colour scale. Dotted cells indicate p-value significance
where =, p < 0.05; ==, p <0.01; ===, p <0.001. Cross symbol (x) indicates no co-existence of the
metabolic pair at the end of the simulation experiments. Bottom-right labels indicate the ecological
interaction of metabolic pair: CC — Commensalism+Competition; SC — Syntrophism+Competition;

C — Competition. Sample sizes employed for Kendall’s t calculation are shown in Figure D.5.
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The influence of ecological interactions between metabolic pairs (represented with Kendall’s
1) was significantly positive (Kendall’s T > 0) or without influence (Figure 7.2B), showing
the positive impact of metabolic heterogeneity for comammox Nitrospira. Note that positive
influence was also observed in the competition cases (C label in Figure 7.2B). This is
because a third activity favoured both competitive metabolic activities with a commensal
interaction (higher-order interactions; e.g., AO, NO and An-NRMX: AO activity fed nitrite
to both NO and An-NRMX activities; Table D.10A). Note that with an equimolar feeding
and 1.0 uM of Oz (1% row and 2" column; Figure 7.2B), positive interaction among all
aerobic activities of comammox Nitrospira (AO, NO, CMX, NRMX) was observed. The
strong hypoxic conditions and feeding of nitrite give a clear advantage of anaerobic activities
(An-NRMX and AMX) over the aerobic ones (AO, NO, CMX, NRMX). However, some
individuals performing aerobic activities were able to survive because the difference of Y x/o02
was not enough to supress any aerobic activity by oxygen competition. Because all aerobic
individuals were strongly constrained by low oxygen concentration, the acquisition of space
by any aerobic activity gave an opportunity to take the space from the anaerobic individuals
(i.e., An-NRMX and AMX). In this case, space competition (instead of competition for
substrate) controlled the community assembly (Table D.10B) — less competitive individuals

(aerobic activities) versus more competitive individuals (anaerobic activities).

Under hypoxia conditions (1.5 uM of O.) and ammonia feeding no influence between
AO/An-NRMX and AO/AMX pairs were found (Kendall’s t = 0, Figure 7.2B). However, a
significant synergy between AO, NO, NRMX and An-NRMX/AMX was observed. This
ecological network combines a syntrophic loop between NO and NRMX and commensal
fed of nitrite to An-NRMX and AMX (commensal-syntrophic pool, Table D.10C).
Furthermore, the capacity of NO activity to compete against CMX for oxygen favoured
division of labour (AO tNO |CMX: 15 >0.35, p < 0.013; Table D.10D) and NRMX
activity ((tAO) TNO |CMX TNRMX: ty > 0.31, p < 0.05; Table D.10E).

In those conditions where anammox bacteria were not present (> 3.0 uM of O; Figure D.4)
a strong competition for oxygen between CMX and NO activities was still present. The
restriction of NRMX by CMX activity (due to the lower metabolic efficiency for ammonia
of NRMX, Table 7.1) and the uniform influence of interactions in all feeding regimes were

only observed in aerobic conditions (Figure D.4, 93.8 uM of O2). Throughout the tested
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conditions (Figures 7.2B and D.4), a variety of Kendall’s T values was observed indicating

the adaptability that metabolic heterogeneity gives to comammox Nitrospira.

The collaboration between comammox Nitrospira and anammox bacteria is supported by
AO and NRMX activities, yielding nitrite for anammox bacteria. Figure 7.2B shows that
comammox Nitrospira performing NRMX would be a better partner for anammox bacteria
than when performing AO activity (Kendall’s T > 0 between AMX and NRMX; Kendall’s
7 <0 between AMX and AO, last row of panels in Figure 7.2B). The theoretically predicted
lower growth yield for ammonia of NRMX activity reduces the competitive pressure to

anammox bacteria and increases the production of nitrite per biomass generated.
7.4.2. Optimization of anaerobic oxidation performance

The in-silico experiments show that NRMX activity has the capacity to positively contribute
to the collaboration between comammox Nitrospira and anammox bacteria by reducing the
nitrate produced by CMX and NO activities to nitrite (always Kendall’s ©>0 between
NRMX and AMX; Figure 7.2B). Considering this, the collaboration between comammox
Nitrospira and anammox was in-silico maximised by reducing the oxygen concentration to
minimize the inhibition of anammox and feeding ammonia and nitrite non-equimolarly

ensuring the suppression of NO activity responsible for the drain of nitrite (Figure 7.3).

11 Ty |

(NHg#NO; — Ny)

Anaerobic oxidation performance

c
30.9% | 14.7% 00% B _
1.0uM  1.5uM  3.0uM 93.8uM 10uM  15uM 3.0pM 93.8uM 10pM  15uM  3.0uM 93.8uM

Ammonia feeding Equimolar feeding Non-equimolar feeding

Figure 7.3. Influence of nitrogen feeding regime (ammonia, equimolar and non-equimolar
feeding) and oxygen concentration (1.0, 1.5, 3.0 and 93.8 uM) on the anaerobic oxidation
performance (ammonia and nitrite oxidation to N») expressed as percentage. Data labels depict
the relative abundance of anaerobic activities (An-NRMX and AMX). Nitrogen feeding regimes:
ammonia feeding — 500:0:0 uM; equimolar feeding — 500:500:500 pM; non-equimolar feeding —
500:375:500 uM. Error bars show standard deviation of n = 3 simulation replicates. Bars that do
not share similar letters denote statistical significance, p < 0.05. For more information about the
calculus of the anaerobic oxidation performance see Methods — Parameters for the quantification of

nitrogen removal.
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Furthermore, improvement of anaerobic oxidation performance was predicted, showing
similar performance with lower relative abundance of anaerobic activities (see data labels of
statistic group a, or comparison between group d and e in Figure 7.3). Due to the low
metabolic efficiency of NRMX with respect to ammonia (low Y xnn3 value, Table 7.1), the
collaboration between comammox Nitrospira and anammox bacteria was also predicted as
dependent on the residual nitrate concentration (lower anaerobic oxidation performance was

observed when non-equimolar feeding without nitrate was applied, p < 0.05; Figure D.6).
7.4.3. Metabolic heterogeneity explains transient nitrite accumulation

Daims et al. (2015) observed a transient accumulation of nitrite correlating with different
ammonia feedings. With the objective to validate the model, and mechanistically explain the
transient accumulation of nitrite, two extra simulation experiments were performed with
different ammonia concentrations and aerobic conditions (100 pM and 1000 uM of NHj3 at
93.8 UM of Og; Figures 7.4A and 7.4C, respectively).

The same trend as the experimental findings was observed in the in-silico experiments: no
transient accumulation of nitrite at low ammonia concentration (Figure 7.3A), and a larger
peak of nitrite transient accumulation at increasing ammonia concentrations (53.4 £ 31.5 uM
of NO; for 500 uM of NH3; 110.9 £+ 33.2 uM of NO> for 1000 uM of NH3; p < 0.05, n = 3;
Figures 7.4B and 7.4C, respectively). The co-existence of division of labour (AO+NO) and
CMX activity together with the dissociation between AO and NO activities can explain the
transient accumulation of nitrite in the bulk liquid (significant lag phase of NO activity was
observed at 500 uM and 1000 uM of NHs; Figures 7.4B and 7.4C).

7.4.4. (Eco)physiological analysis of comammox Nitrospira

Currently, physiological characterizations of Nitrospira inopinata (Kits et al., 2017) and
Candidatus Nitrospira kreftii (Sakoula et al., 2021) are available. In these studies, it was
reported that although both comammox species have similar ammonia affinity (0.063 uM
NHz for N. inopinata, and 0.040 uM NHs for Ca. N. kreftii), they have different nitrite
affinities (449.2 uM NOy" for N. inopinata, and 12.5 uM NO_ for Ca. N. kreftii). Nitrite
affinity of comammox Nitrospira might play a fundamental role in microbial community
assembly (especially on competition between NO, An-NRMX and AMX for nitrite) and

transient accumulation of nitrite.
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Figure 7.4. Influence of ammonia concentration to the transient accumulation of nitrite at

93.8 uM of O,. Three ammonia concentrations were tested. Only 60 — 120 hours are shown (full

simulation in Figure D.7): 100 uM of NH3 (panels A), 500 uM of NH; (panels B), and 1000 uM of

NHs (panels C). Left panels show the dynamics of nitrogen compounds (NHs, NO, and NOs) at the

early stages of simulation. Right panels show the evolution of relative abundances of comammox

Nitrospira and anammox bacteria. Error bars show standard deviation of n =3 simulation

replicates. If not visible, error bars are smaller than symbols. Gray dashed lines in right panels

(dynamics of metabolic activities) depict the time with the maximum concentration of nitrite.



Chapter 7| 128

To evaluate the influence of the physiological differences between N. inopinata and Ca. N.
kreftii, the following simulation experiments were carried out: (i) non-equimolar feeding
regime (NH3:NO2:NOz = 500:375:500 uM) and hypoxia conditions (1.0 uM, 1.5 pM and
3.0 uM of O2) assuming nitrite affinity of comammox Nitrospira equal to 12.5 uM NO>" and
449.2 uM NO2 (Figure 7.5); and (ii) only ammonia feeding (1000 uM NH3) and aerobic
conditions (93.8 uM 0O) assuming nitrite affinity of comammox Nitrospira equal to
12.5 uM NO2" and 449.2 uM NO;" (Figure 7.6). For both set of simulations, nitrate affinity

of comammox Nitrospira was assumed equal to the nitrite affinity value.

The suppression of NO and An-NRMX activities was higher when reducing the nitrite
affinity of comammox Nitrospira (i.e., increasing the value of Knoz). NO activity was also
fully suppressed at 1.5 uM of Oz, whereas An-NRMX was no longer active at < 1.5 uM of
O (Figures 7.5B and 7.5C). When nitrite affinity was assumed equal to 449.2 uM of NO',
NO activity consisted only 2.9 + 3.5 wt. % of the whole community at 3.0 uM of O
(Figure 7.5C). A smaller nitrite affinity (higher Kno2 value) meant a reduction of competitive
capacity of both activities (NO and An-NRMX) to survive against the stronger competitor
(i.e., AMX). Intriguingly, AMX remained active at 3.0 uM of O after reducing the nitrite
affinity of comammox Nitrospira to 12.5 uM NO2™ and 449.2 uM NOy (Figures 7.5B
and 7.5C), while AMX was not active at 3.0 uM of O, assuming a nitrite affinity of
comammox Nitrospira equal to 1.0 uM of NO2 (Figure 7.5A). Additionally, higher
proportion of AMX at 3.0 uM of O. was observed as lower nitrite affinity of comammox
Nitrospira was assumed (see labels over bars of Figure 7.5). This is due to the reduction of
competitive capacity of NO activity, suggesting that the suppression of AMX at the main
simulation setup (i.e., Kno2 value of comammox Nitrospira equal to 1.0 uM of NO-’; Figure
7.5A) was a combination of oxygen inhibition and the presence of a competitive NO activity.
Like in the main simulation setup under 1.0 uM and 1.5 uM of O, (bottom panel of
Figure 7.5A), no stratification of aerobic comammox Nitrospira (performing AO, NO, CMX
or NRMX) and anammox bacteria was observed (bottom panels of Figures 7.5B and 7.5C).

On the other hand, higher proportion of AMX at < 1.5 uM of O was observed assuming a
nitrite affinity of comammox Nitrospira equal to 12.5 uM NOy" (Figure 7.5B) than assuming
449.2 uM NOy" (Figure 7.5C). This can be associated with the presence/absence of NRMX
activity, supporting the importance of NRMX activity to the collaboration between

comammox Nitrospira and anammox bacteria.
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Regarding transient accumulation of nitrite, a significant increase of nitrite accumulation
was only observed when nitrite affinity of comammox Nitrospira was set to 449.2 uM NO>

(p < 0.002; Figure 7.6), being the peak of nitrite close to the levels observed experimentally
by Daims et al. (2015) (30% of the added ammonia).
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Figure 7.5. Influence of nitrite affinity (Knoz) of comammox Nitrospira on community assembly applying
non-equimolar feeding (NH3:NO2:NOs = 500:375:500 uM) and hypoxia conditions (1.0 uM, 1.5 uM and
3.0 uM of O3). Relative abundances of Nitrospira metabolic activities (AO, NO, CMX, NRMX and An-NRMX)
and anammox bacteria (AMX), with each correspondent floc images (bottom panels) assuming nitrite affinity
(Kno2) equal to A) 1.0 uM of NOy, B) 12.5 uM of NO; and C) 449.2 uM of NOy". Nitrate affinity of comammox
Nitrospira was assumed equal to nitrite affinity value. Labels over each bar show Anammox:Nitrospira ratio
at steady state. The statistical significance between different oxygen concentrations and nitrite affinities are

shown in Tables D.11 and D.12, respectively. Black circles on floc images represent inactive individuals.
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Figure 7.6. Influence of nitrite affinity (Knoz) of comammox Nitrospira on transient accumulation of nitrite
(expressed as percentage) at 93.8 uM Oz. Only ammonia was fed (1000 uM NHz). Error bars show standard
deviation of n = 3 simulation replicates. Bars that do not share similar letters denote statistical significance,
p <0.05.

7.5. Conclusions

Based on the state-of-the-art knowledge of comammox Nitrospira and a bioenergetics
analysis, the in-silico experiments presented in this study predict that metabolic
heterogeneity for comammox Nitrospira is necessary for its survival under oxygen limiting
environments. Spatial transcriptomics would be needed to fully confirm our in-silico
findings (e.g., parallel-sequential fluorescence in situ hybridization; par-seqFISH (Dar et al.,
2021)), but according to our simulation experiments, metabolic heterogeneity is a
mechanistic explanation of the early findings on comammox Nitrospira — its co-existence
with anammox bacteria under hypoxic conditions (van Kessel et al., 2015), the dominance
of complete nitrification activity in nitrogen limiting environments, and the transient
accumulation of nitrite under aerobic conditions (Daims et al., 2015). When availability of
nitrite is lower than ammonia, this work predicts that maximization of anaerobic nitrogen
removal by anammox bacteria is possible by supressing comammox Nitrospira performing
NO activity.

Additionally, the results presented here suggest that the taxonomy of comammox Nitrospira
would have a significant impact on the co-existence of comammox Nitrospira and anammox
bacteria. In this case, N. inopinata, with a lower nitrite affinity, would be a better partner of
anammox bacteria than Ca. N. kreftii. In fact, the first stable partnership between anammox

bacteria and comammaox Nitrospira was achieved with N. inopinata (Gottshall et al., 2021).



Conclusions and

Recommendations.
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The present chapter will conclude this thesis by restating the research aims and objectives,
summarising the key research findings in relation to the objectives, and discussing the value
and contribution of these findings. It will also evaluate the limitations of this study and

suggest new lines of research.
8.1. Restatement of Research Objectives

The work undertaken in this thesis aimed to elucidate the ecological mechanisms that rule

the community assembly of nitrifiers addressing the following research objectives:

¢ To identify the ecological niches in which a specific population of aerobic nitrifiers
will dominate based on the kinetic parameters that define the microbial growth and
known biochemical information.

e To develop an in-silico methodology in order to study the influence of the ecological
interactions and the environment on the microbial community assembly.

e To evaluate the influence of cell-cell, cell-environment and cell-space interactions on
the community of nitrifiers in aggregates.

e To investigate the survival capacity of comammox bacteria under nitrogen and oxygen

limiting conditions considering their potential metabolic heterogeneity.
8.2. Main Findings

Microbial communities are complex ecological systems, and the nitrifying community is not
an exception. Despite the apparent simplicity of the nitrification process, the oxidation of
ammonia to nitrate via nitrite is catalysed by a vast microbial diversity. Even both bacterial
and archaeal domains participate on the oxidation of ammonia to nitrite. The comprehension
of the complex ecological network of nitrifiers will permit us the development of better
biotechnologies for the removal of nitrogen pollutants of sewage and improve the
controllability of those already in use. Moreover, the explanation of domain redundancy in
ammonia oxidation, the ecological niches of ammonia-oxidizing bacteria (AOB), ammonia-
oxidizing archaea (AOA), complete ammonia oxidizers (CMX) and nitrite-oxidizing
bacteria (NOB), and their relative contribution to the global nitrification remain unknown.
In general, life strategies (r-, K-, Y-strategy) have been used to define ecological niches of
microbial cohorts, being K- and Y-strategies the predicted best options to survive in

oligotrophic environments (Andrews & Harris, 1986; Pfeiffer et al., 2001).
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8.2.1. Biochemistry defines ecological niches of aerobic nitrifiers

In general, the trends associated with life strategies (r-, K-, Y-strategy) are supported by the
meta-analysis presented in Chapter 3, but only in ammonia oxidizers — AOA and CMX
present low maximum specific growth rate, high affinity for ammonia and high growth yield
(K- and Y-strategists), whereas AOB show higher maximum specific growth rate, lower
affinity for ammonia and lower growth vyield (r-strategists). However, from the
comprehensive analysis of the kinetic parameters of nitrifiers within the same microbial
cohort, some inconsistencies were found, which complicate the definition of ecological
niches for AOB and AOA. First, an overlap in the range of specific affinities for ammonia
obtained for AOB and AOA was found. This means that some AOB species would be
capable to compete with AOA in oligotrophic environments, especially from the
Nitrosospira genus. Additionally, similar specific affinities for oxygen between AOB and
AOA were found, suggesting that AOB could compete with AOA in hypoxic environments.
In fact, the capacity of AOA (such as Nitrosopumilus maritimus) to survive in oceanic
environments where oxygen is undetectable would be attributed to the capacity to produce
oxygen from the NO dismutation (Kraft et al., 2022), instead to their affinity for oxygen. On
the other hand, huge physiological and biochemical diversity was observed for NOB (Daims
et al., 2016). Notably, the results of this analysis contradict the assumption that ammonia
oxidizers have higher affinity for oxygen than NOB (Jubany et al., 2008; Wiesmann, 1994).
Although Nitrobacter have a lower affinity for oxygen, Nitrospira have a similar affinity to
AOB and AOA. Additionally, this study shows that the measured kinetic parameters (and
potential niche specializations) are mainly defined by the fundamental differences in the
biochemistry of the different populations of nitrifiers — complete versus partial ammonia
oxidation, archaea versus bacteria, different terminal oxidases, different carbon fixation

pathways or periplasmic versus cytoplasmic NXR.

In sum, this meta-analysis highlights the importance of considering the microbial taxonomy
(such as genus and species), the biochemistry of populations, and the metabolic versatility
of microbes to define the ecological niches of nitrifying populations. Additionally, the lack
of defined ecological niches in nitrification might not be only because a lack of
environmental variables, but due to a niche overlapping. Distinct nitrifying cohorts seem to

co-dominate in the same ecological niche.



Chapter 8 | 134

8.2.2. Ecological, environmental and spatial controls of microbial

community assembly in aggregates

The in-silico study presented in Chapter 6 shows how dynamics of microbial communities
in aggregates can be explained by three types of interactions: cell-cell interactions
(ecological interactions), cell-environment interactions (e.g., nutrient concentrations or shear
forces) and cell-space interactions (space competition and spatial distribution of microbial
populations), being the last generally overlook. This study illustrates how space competition
controls the colony size and distribution of populations. Intriguingly, the spatial distribution
of populations, controlled by the cell-cell and cell-space interactions, have in turn
implications on microbial fitness and its survival. The radial distribution of microbial
populations (referred as columned stratification and associated with competition) increases
the chance of less competitive individuals to thrive and co-exist with populations that grow
faster. On the other hand, the concentric disposition of communities (referred as layered
stratification and associated with commensalism) would be the optimal distribution for the
metabolic division of labour. On the other hand, this study shows that although ecological
interactions between populations in aggregates dictate their distribution, the environment
(cell-environment interactions) is controlling their final observed spatial distribution. This
suggests that the spatial distribution of populations and therefore, the overall activity of the
microbial community can be controlled by the applied conditions, such as the concentration

of substrates, shear forces (both evaluated in Chapter 6) or others like pH or antibiotics.

From an ecological perspective, the study of nitrification is of great interest because it
combines synergistic and antagonistic interactions. They also generate microbial aggregates,
including additional layers of complexity in the understanding of the community assembly
of nitrifiers. The findings presented in Chapter 6 illustrate the importance of the
coaggregation for nitrifying populations. Both mentioned distributions promote the co-
existence of nitrifying populations in any circumstances, even if these are competing for
oxygen. In fact, the seasonal nitrous oxide emissions in wastewater treatment plants, due to
the nitrification failure, was correlated with the loss of NOB and filamentous bacteria, being
responsible for aggregate morphology (Gruber et al., 2021). Additionally, the results of this
study would explain why the prolongated repression of NOB to achieve partial nitrification

Is not possible by reducing oxygen concentration alone (Poot et al., 2016).
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8.2.3. Metabolic heterogeneity explains the early discoveries of

comammox Nitrospira

The discovery of complete ammonia oxidation (comammox) was the latest big breakthrough
in nitrification, ruling out the thought that full nitrification is an obligated two-step process.
Although great advances have been made on the understanding of comammox process and
who catalyses it (NOB belonging to Nitrospira genus, so-called comammox Nitrospira),
there is still an open debate about the oxygen requirements for the chemoautotrophic growth
of comammox Nitrospira. This thesis predicts that metabolic heterogeneity (i.e., metabolic
differences between individuals of the same population) for comammox Nitrospira is the
key for their adaptability and survival under oxygen-limiting environments, thus providing
an answer to the aforementioned debate. Moreover, metabolic heterogeneity explains the
early findings on comammox Nitrospira. On the one hand, the co-existence of individuals
performing ammonia oxidation and nitrite oxidation would generate the transient
accumulation of nitrite under the aerobic conditions observed by Daims et al. (2015). On the
other hand, metabolic heterogeneity for comammox Nitrospira would prompt the stable co-
existence with anammox bacteria observed by van Kessel et al. (2015), thanks to the
presence of comammox Nitrospira performing ammonia oxidation and nitrate-reducing
ammonia oxidation. Understanding the underlying mechanisms of the collaboration between
comammox Nitrospira and anammox bacteria will allow us to apply this promising
community for nitrogen removal, significantly reducing the energy consumption, N2O
emissions and sludge production. This in-silico study predicts that the optimization of
anaerobic nitrogen removal by anammox bacteria might be achieved by (i) decreasing the
oxygen concentration, reducing the inhibition of anammox bacteria); (ii) feeding less nitrite
than ammonia, ensuring the suppression of nitrite oxidation activity; and (iii) selecting
specific Nitrospira species as a partner for anammox bacteria (such as Nitrospira inopinata,

with lower nitrite affinity than Candidatus Nitrospira kreftii).

8.2.4. Theoretical and quantitative research in microbial ecology using

mathematical modelling

The in-silico bottom-up methodology, together with the gradual increment of complexity of
the simulated system, permits the comprehension of the genuine influence of the processes
and dynamics that rule the microbial community assembly (such as diffusion, ecological

interactions, shear forces, nutrient availability, feeding regime or (eco)physiological
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properties of microbes). Moreover, the theoretical knowledge generated from the study of
the discrete elements and processes can be transferred to more complex systems giving, in
turn, outcomes closer to nature’s observations. The study of comammox Nitrospira is an
illustrative example of this. First, the enrichment levels of comammox Nitrospira were not
predicted considering only ammonia-limiting environments, but they were predicted when
microbial aggregation and the diffusion of compounds were considered. Then, the survival
of comammox Nitrospira under hypoxic conditions was only predicted considering
metabolic heterogeneity explaining, in turn, the transient accumulation of nitrite in aerobic
conditions with high levels of ammonia. Finally, the levels of accumulated nitrite observed
experimentally by Daims et al. (2015) (30% of the added ammonia) were predicted when

the physiological characterization of Nitrospira inopinata was considered.

Overall, this thesis applies an in-silico bottom-up methodology for the theoretical
understanding of the ecological mechanisms that shape the community assembly of
nitrifiers. In essence, the in-silico bottom-up methodology is the combination of
mathematical models with a systematic fragmentation of the domain and the critical
selection of their key elements and processes. In addition to unveiling the intrinsic dynamics
that shape the microbial community in aggregates, this approach allows for the development
of new quantitative measurements of ecological dynamics, such as the (global) eco-
interaction modulus (¢g;) presented in Chapter 6 and applied in Chapter 7, and the
ecological analysis using the multivariate Kendall’s T (ty) presented in Chapter 7. The eco-
interaction modulus might not only be useful for the prediction of spatial distribution of
populations in aggregates when two ecological interactions are present, but also for
describing the ecological environment of complex ecological systems (i.e., more than two
ecological interactions), detecting the dominant substrate that controls the microbial
community assembly. Bear in mind that the development of quantitative measurements of
ecology is a crucial step to translate these patterns to new ecological theories, laws and rules
(on which all explanations and predictions in science are based). Thus, this research could
be used as the basis and an example of hypothesis and theory-based research in microbial
ecology using mathematical modelling. Additionally, it also states the importance of the
integration of top-down and bottom-up studies, where the former give us the information
and techniques to define the (putative) patterns of nature and the latter allow us to develop
new mechanistic explanations that generate the patterns. The statement of new theories
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increases the precision and reliability of our predictions, accelerating the identification of

new patterns.
8.3. Proposed Future Research and Current Limitations

The results presented in this work expand our comprehension of the ecological principles
that control microbial community assembly using the nitrifying community as case study.
This thesis covers the physiological diversity of nitrifiers and their ecological interactions,
several environmental factors (such as nutrients availability, shear forces and feeding
regimes) and the space competition. Despite the limitations inherent to the parameters that
define the microbial growth (maximum specific growth rate and substrate affinity from
Monod equation) and cell maintenance (Bodegom, 2007; Hellweger, 2017), the systematic
analysis of the parameters from nitrifiers, together with information in the biochemistry,
permit us to understand better the ecological niches of this community. For this reason, more
meta-analyses about physiological properties (such as the one presented in Chapter 3) should
be performed for other microbial communities, not only to create a broader kinetic database
for modelling, but also to identify new ecological trends that might help us to identify
ecological niches. This thesis also expands our understanding of how interspecies
interactions (neutralism, competition and commensalism) and environmental conditions
control the community assembly in aggregates. However, there are still ecological
interactions to be investigated, such as parasitism, predation, amensalism or co-protection.
Investigating these ecological interactions may reveal new ecological insights from other
microbial communities, such as fermentative ones. Additionally, theoretical equal-fitness
communities (i.e., with same growth kinetics) was assumed in both in-silico studies, in which

differences in growth kinetics might influence in the community dynamics.

This thesis also shows that the physiological properties of comammox Nitrospira can play a
role in microbial community assembly, competition and ecological niche. Therefore, another
line of research might be to investigate the influence of the physiological properties of
nitrifiers to the community assembly of nitrifiers, especially of nitrite-oxidizing bacteria.
The consideration of physiological diversity of nitrite-oxidizing bacteria might identify the
limits of the repression of nitrite oxidation, being of great interest for the optimization of
partial nitritation/anammox process (Pedrouso et al., 2021), and the comprehension of
seasonal N2O emissions observed in wastewater treatment plants (Gruber et al., 2021).

Considering the influence of oxygen availability on N2O emissions by ammonia-oxidizing
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bacteria (Goreau et al., 1980; Khalil et al., 2004; Lipschultz et al., 1981; Zhu et al., 2013),
and the drop of oxygen inside the aggregate, it might be interesting to include a better
description of biotic and abiotic generation of N.O to the model in order to analyse the
dynamics function of the operational conditions and community dynamics. A better
understanding of these factors may reveal new strategies to control the seasonal emissions
of N20 in wastewater treatment plants.

A limitation of this work was the lack of robust experimental data regarding the actual
influence of ecological dynamics described in Chapter 6, and the experimental corroboration
of the metabolic heterogeneity for comammox Nitrospira (at least under the environmental
conditions tested). Recently, novel promising techniques have been developed for the
analysis of aggregate dynamics and the detection of metabolic heterogeneity for comammox
Nitrospira, such as multiscale spatial segregation (Segregation package), parallel sequential
fluorescence in situ hybridization (par-seqFISH), RAINBOW-seq or differential isotope
labelling by amino acids (DILAC) (Dar et al., 2021; Dogsa & Mandic-Mulec, 2023; Kamrad
et al., 2023; Wang et al., 2023). However, the application of these techniques to comammox
Nitrospira is challenging due to the small size of cells and their tendency to form aggregates.
Moreover, there is still no experimental evidence of the metabolic activities proposed by
Kleerebezem and Liicker (2021). The results presented could guide the identification of
comammox Nitrospira catalysing nitrate-reducing ammonia oxidation (NRMX) and/or the

anaerobic nitrite-reducing ammonia oxidation (An-NRMX).

Although this work was focused on the ecological aspect of nitrifiers, there are still other
factors with implications on the community assembly in aggregates to be explored, e.g., the
synthesis of extracellular polymeric substances (EPS). The EPS matrix creates a structural
integrity for microbial aggregates, providing protection to the microbial community from
the harsh environments, and expanding the functional attributes of aggregates. Although
both nitrifying cohorts (ammonia oxidizers and nitrite-oxidizing bacteria) contribute to the
structural integrity of aggregates, the synthesized EPS and the rate of secretion might differ.
However, the composition of EPS and their physical properties are not yet fully understood.
The incorporation of EPS synthesis to the mathematical model would also improve the
description of shear forces and the detachment process that the aggregates undergo.
Fragmentation of aggregates and dispersion/invasion of planktonic microbes are other
important processes associated to the aggregate formation that have not considered in this

thesis.
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Appendix A - Chapter 3

Contents
Supplementary Text — Materials and Methods
Supplementary Tables — Tables A.1 — A.12
Supplementary Figures — Figures A.1 — A.9
Supplementary Text - Materials and Methods

Estimation of kinetic parameters. Temperature and pH

To obtain the values of Arrhenius coefficients (6) (Eq. A.1), linear regression and least
squares method is applied to set the best fit of the Arrhenius function to the experimental
data. First, the Eq. A.1 is linearized using natural logarithm, considering that 0 is the
exponential of constant C (e°).

In(“2) = g - (T - 20) (A1)

HUz0

Then, a linear regression is applied to obtain an initial value of C and, subsequently, a value
of 6. Finally, least squares method is used to set better the equation to the experimental data,
using as initial values of 6 those obtained from the linear regression. Table A.1 presents the
values of 6 obtained and also the references of the experimental data used to calculate them.
Analogously, the parameters that correlated the pH influence with the pmax values, (Eq. 3.2)
are obtained by least squares method, assigning the initial values of pK1 and pK2 considering
their definition: pmax(pK1) = Mmax(pK2) = Y2-Umax(PHop). The Kinetic parameters and
experimental data used to obtain the equation parameters were taken from literature (see
Figure A.1).
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Supplementary Tables

Table A.1. Arrhenius coefficient (@) of nitrifying bacteria and archaea. Effect of temperature on maximum
growth rate.

Culture 0 Temperature (°C) pH References
Ammonia-oxidizing bacteria (non-marine)
Mixed culture 1.114 7.0-21.0 7.0-7.8 T
Nitrosomonas species 1.098 7.0-30.0 7.0-7.8 @
Nitrosospira species 1.126 3.0-21.0 7.5 TG
Nitrosospira sp. 40K1 1.110 3.0-21.0 7.5 (Jiang, 1999)
Nitrosospira sp. AF 1.146 3.0-31.0 7.5 (Jiang, 1999)
Nitrosospira sp. B6 1.114 3.0-26.0 7.5 (Jiang, 1999)
Nitrosospira sp. L115 1.132 3.0-26.0 7.5 (Jiang, 1999)
Ammonia-oxidizing bacteria (marine)
Mixed culture 1.114 7.0-21.0 7.0-78 T
Nitrosomonas species 1.098 7.0-30.0 70-7.8 @
Ammonia-oxidizing archaea (non-marine)
Mixed culture 1.126 10.0-30.0 6.0-75 T
Nitrososphaera koreensis 1.150 15.0 - 30.0 6.0-8.0 (Jung et al., 2011)
Nitrososphaera vienennsis 1.180 10.0-30.0 ? (Tourna et al., 2011)
Nitrososphaera gargensis 1.126 20.0 - 46.0 ? T@
Ammonia-oxidizing archaea (marine)
Mixed culture 1.114 10.0-25.0 59-87 6
Nitrosopumilus maritimus 1.120 5.0-32.0 7.3 (Qinetal., 2014)
Nitrite-oxidizing bacteria (non-marine)
Mixed culture 1.087 5.0-25.0 7.0-75 1(6)
Nitrobacter species 1.089 5.0-25.0 70-75 (@)
Nitrospira species 1.088 5.0-25.0 70-75 @)
Ca. Nitrotoga arctica 1.109 5.0-15.0 70-75 TO)
Nitrobacter agilis 1.104 25-250 7.8 (Leenen et al., 1997)
Nitrospira defluvii 1.110 10.0-275 7.4 (Wegen et al., 2019)
Nitrite-oxidizing bacteria (marine)
Nitrococcus mobilis 1.087 5.0-25.0 7.0-75 t®
Nitrospina species 1.087 5.0-25.0 70-75 Y
Nitrospira species 1.088 5.0-25.0 70-75 t®
Nitrotoga species 1.109 5.0-15.0 70-75 TO)
T Estimated

@ Average of Nitrosomonas spp. (1.116, 1.101, 1.078) and Nitrosospira spp. (1.110, 1.146, 1.114, 1.132) (Buswell et
al., 1953; Helder & De Vries, 1983; Jiang, 1999; Knowles et al., 1965)

@ Average of Nitrosomonas spp. (1.116, 1.101, 1.078) (Buswell et al., 1953; Helder & De Vries, 1983; Knowles et al.,
1965)

@ Average of Nitrosospira spp. (1.110, 1.146, 1.114, 1.132) (Jiang, 1999)

@) Average of N. aquarius (1.083), N. vienennsis (1.180) and Ca. N. exaquare (1.114) (Sauder et al., 2017; Sauder et al.,
2018; Tourna et al., 2011)

® Average of N. maritimus (1.120), N. cobalaminigenes (1.097) and N. ureiphilus (1.126) (Qin et al., 2014)

®) Average of Nitrobacter spp. (1.104, 1.108, 1.080, 1.064), Nitrospira spp. (1.066, 1.110), Nitrotoga spp. (1.046, 1.172)
and mixed culture of NOB (1.084, 1.036) (Blackburne et al., 2007b; Helder & De Vries, 1983; Kitzinger et al., 2018;
Knowles et al., 1965; Leenen et al., 1997; Randall et al., 1984; Stratton & McCarty, 1967; Wegen et al., 2019)

(™ Average of Nitrobacter spp. (1.104, 1.108, 1.080, 1.064) (Helder & De Vries, 1983; Knowles et al., 1965; Leenen et
al., 1997; Randall et al., 1984)

@ Average of Nitrospira spp. (1.066, 1.110) (Blackburne et al., 2007b; Wegen et al., 2019)

© Average of Nitrotoga spp. (1.046, 1.172) (Kitzinger et al., 2018; Wegen et al., 2019)
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Table A.2. Maximum specific growth rate (Umax) values at 20°C of nitrifying bacteria and archaea.
Culture Hmax (h™) 0w pH References
Ammonia-oxidizing bacteria (non-marine)

Mixed culture 0.033-0.042 1114 75-7.38

(Hao et al., 2002; Henze et al., 2006;
Jubany et al., 2008; Vadivelu et al., 2006)
(Belser & Schmidt, 1980; Keen & Prosser,

Nitrosomonas europaea 0.014-0.035 1.098 7.0-7.8 1087: Station et al., 1961)

Nitrosomonas oligotropha  0.014-0.031  1.098 7.5 (French etal., 2012; Stehr et al., 1995)
Nitrosospira sp. 40K1 0.009 1.110 7.5 (Jiang, 1999)
Nitrosospira sp. AF 0.004 1.146 7.5 (Jiang, 1999)
Nitrosospira sp. B6 0.010 1.114 7.5 (Jiang, 1999)
Nitrosospira sp. L115 0.010 1.132 7.5 (Jiang, 1999)
Ammonia-oxidizing bacteria (marine)
Nitrosomonas marina 0.018 1.098 7.6 (Glover, 1985)
Nitrosococcus oceani 0.014 1.114 8.1 (Glover, 1985)
Ammonia-oxidizing archaea (non-marine)
Mixed culture 0.008 - 0.009 1.126 7.5 (Jung etal., 2011)
Nitrososphaera koreensis 0.009 1150 6.0-8.0 (Jung etal., 2011)
Nitrososphaera vienennsis 0.002 1.180 7.6 (Kits et al., 2017)
Nitrososphaera gargensis 0.002 1.126 7.6 (Kits etal., 2017)
Ammonia-oxidizing archaea (marine)

(Park et al., 2010; Santoro & Casciotti,
2011)
(Konneke et al., 2005; Martens-Habbena
etal., 2009; Qin et al., 2017)

Mixed culture 0.005-0.15 1.126 8.0-8.2

Nitrosopumilus maritimus ~ 0.008 - 0.013 1.120 7.0-7.6

Nitrosopumilus piranensis 0.003 1.180 7.1 (Bayer etal., 2015)

Nitrosopumilus adriaticus 0.003 1.180 7.1 (Bayer et al., 2015)
Complete ammonia-oxidizing bacteria (CMX)

Nitrospira inopinata 0.002 1.076 7.6 (Kits et al., 2017)
Nitrite-oxidizing bacteria (non-marine)

Nitrobacter vulgaris 0.027-0.038 1.089 7.4-7.6 (Bock et al., 1990; Nowka et al., 2015)

Nitrospira sp. ND1 0.006 1.088 7.8-8.0 (Ushiki et al., 2017)

Nitrospira japonica 0.012 1.088 7.8-8.0 (Ushiki et al., 2017)

Ca. Nitrotoga arctica 0.0215 1109 74-76 (Nowka et al., 2015)

Nitrobacter agilis 0.016 -0.017 1.104 7.8 (Hunik et al., 1993; Leenen et al., 1997)

Nitrobacter winogradskyi ~ 0.005—0.034 1.089 7.3-7.8 (Bometel. 1ki9e2ta(lza)2/06;5a)l 1084,

Nitrospira defluvii 0.0081 1110 7.4-7.6 (Nowka et al., 2015)

Nitrospira lenta 0.0095 1.088 7.4-7.6 (Nowka et al., 2015)

Nitrospira moscoviensis ~ 0.005-0017 1088 7.4-7g  (nachietal S towiactel,

Nitrobacter hamburgensis  0.005-0.088 1.089 7.3-7.6 (Both et al., 1992; Nowka et al., 2015)
Nitrite-oxidizing bacteria (marine)

Nitrococcus mobilis 0.033-0.036 1.087 7.6-78 (EllotEs 1ty \i\ga;slc)m & Waterbury,

Nitrotoga sp. AM1 0.0194 1.109 7.8 (Ishii et al., 2017)

Nitrospira marina 0.0153 1.088 7.8 (Kitzinger et al., 2020)

Nitrospina watsonii 0.0142 1.087 8.0 (Spieck et al., 2014)

Nitrospira sp. Ecomares 0.004 -0.012 1.088 7.5 (Keuter, 2011)
Average values + Standard deviation (number of samples, n)

AOB (n =20) 0.021 £0.012 - - -

AOA (n=7) 0.006 +0.004 - - -

CMX (n = 1) 0.002 - - -

@ Arrhenius coefficient. Table A.1 gathers the valid temperature range to each Arrhenius coefficient and references.
@ OMZ: Oxygen Minimum Zone
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Table A.3. Specific affinity for oxygen (a’02) of nitrifying bacteria and archaea.

Culture a%: (L/g-Bio/h) T (°C) pH References
Ammonia-oxidizing bacteria (non-marine)

Mixed culture 90.47 25 7.5 (Sanchez et al., 2001)

Nitrosomonas europaea 121.68 - 222222 25 75 ‘Lzaggrf;" f;g'g ;Zf;‘ef;a”tz’gi%t &
Ammonia-oxidizing archaea (non-marine)

Nitrosoarchaeum koreensis 338.03 25 7.5 (Jung etal., 2011)
Ammonia-oxidizing archaea (marine)

Mixed culture 995.02 25 7.5 (Park etal., 2010)

Nitrosopumilus maritimus 1619.43 25 7.5 (Martens-Habbena et al., 2009)
Nitrite-oxidizing bacteria (non-marine)

Nitrobacter hamburgensis 23.34 - 63.06 25 7.5 (Laanbroek et al., 1994)

Nitrobacter winogradskyi 79.71-116.31 25 7.5 (Laanbroek & Gerards, 1993)

Nitrospira sp. ND1 0.05-0.21 25 8.0 (Ushiki et al., 2017)

Nitrospira japonica 0.05-0.21 25 8.0 (Ushiki et al., 2017)
Average values + Standard deviation (number of samples, n)

AOB (n=9) 1045.90 + 834.92 - - -

AOA (n=4) 984.16 + 640.77 - - -

C-type NOB (n = 7) 171.53 + 260.28 - - -

P-type NOB (n = 2) 1016.36 + 41.75 - - -

Factors: 1.9mgBio(dry)/mg of protein; 194fgBio(dry)/cell; 3gBio(wet)/gBio(dry)

Table A.4. Specific affinity for ammonia (a’w+3) of ammonia oxidizing bacteria and archaea.

Culture a%whs (L/g-Bio/h) T (°C) pH References
Ammonia-oxidizing bacteria (non-marine)
Mixed culture 29.24 20 7.7 (Yoshioka et al., 1982)

(Laanbroek et al., 1994;
Laanbroek & Gerards, 1993;

Nitrosomonas europaea 3.56 — 38.73 25-30 75-78 Martens-Habbena et al., 2000:
Park et al., 2010)

Nitrosospira sp. 40K1 637.96 22 7.8 (Jiang, 1999)

Nitrosospira sp. AF 1384.02 22 7.8 (Jiang, 1999)

Nitrosospira sp. B6 628.65 22 7.8 (Jiang, 1999)

Nitrosospira sp. L115 688.76 22 7.8 (Jiang, 1999)

Nitrosomonas oligotropha 0.0067 — 0.0618 27-30 75-7.38 (Stehr et al., 1995)
Ammonia-oxidizing bacteria (marine)

Nitrosococcus oceani 0.0077 — 0.595 ? ? (Martensw::)iefg;;)a"’ 2009,
Ammonia-oxidizing archaea (non-marine)

Nitrosotenuis uzoenensis 105.18 - 125.19 30 7.6 (Kits et al., 2017)

Nitrososphaera gargensis 773.81 — 1350.35 30 7.6 (Kits etal., 2017)

Nitrososphaera vienennsis 913.98 — 1169.59 30 7.6 (Kits et al., 2017)

Nitrosoarchaeum koreensis 2796.85 25 7 (Jung et al., 2011)
Ammonia-oxidizing archaea (marine)

Nitrosopumilus maritimus 31120.71 30 7.5 (Martens-Habbena et al., 2009)
Complete ammonia-oxidizing bacteria (CMX)

Nitrospira inopinata 2488.04 — 3558.90 30 7.6 (Kits et al., 2017)

Ca. Nitrospira kreftii 5864.14 — 7415.09 25 7.5 (Sakoula et al., 2021)
Average values + Standard deviation (number of samples, n)

AOB (n=17) 240.00 + 390.75 - — -

AOA (n=10) 4242.89 + 9461.33 - — -

CMX (n=2) 4287.66 + 1765.09 - - -

Factors: 1.9mgBio(dry)/mg of protein; 194fgBio(dry)/cell; 3gBio(wet)/gBio(dry); 0.15pg of protein/cell (Button, 1998;
Gonzalez-Cabaleiro et al., 2019)
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Table A.5. Specific affinity for nitrite (a°no2) of nitrite oxidizing bacteria.

Culture a%no2 (L/g-Bio/h) T (°C) pH References
Nitrite-oxidizing bacteria (non-marine)
Nitrobacter winogradskyi ~ 10.56 — 62.72 23-30 73-76 fg;gf}:i' égiﬁouﬁg]kalg;as')
Nitrobacter hamburgensis ~ 2.17 — 20.64 25-28 73-75 (SIthg;lelo?/afa tf‘::‘b;%el';;*t
Nitrobacter agilis 9.88 - 14.73 20-30 6.5-8.5 (Tsai & Tuovinen, 1985)
Nitrobacter vulgaris 587.18 28 75 (Nowka et al., 2015)
Nitrospira defluvii 935.67 28 75 (Nowka et al., 2015)
Nitrospira moscoviensis 350.88 37 75 (Nowka et al., 2015)
Nitrospira lenta 129.95 28 75 (Nowka et al., 2015)
Nitrospira japonica 543.86 25 8.0 (Ushiki et al., 2017)
Nitrospira sp. ND1 1315.79 25 8.0 (Ushiki et al., 2017)
Ca. Nitrotoga arctica 78.64 17 75 (Nowka et al., 2015)
Nitrite-oxidizing bacteria (marine)
Nitrosococcus maobilis 175.44 28 7.8 (Jacob et al., 2017)
Nitrospira sp. Ecomares 69.53 28 7.8 (Jacob et al., 2017)
Nitrotoga sp. AM1 288.85 16 7.8 (Ishii et al., 2017)
Nitrospina watsonii 345.25 28 7.8 (Jacob et al., 2017)
Average values + Standard deviation (number of samples, n)
C-type NOB (n = 23) 74.17 + 168.81 - - -
P-type NOB (n =7) 527.28 £451.01 — - -
sP-type NOB (n =5) 145.76 £ 91.49 — - -

Factors: 1.9mgBio(dry)/mg of protein; 194fgBio(dry)/cell; 3gBio(wet)/gBio(dry); 0.15pg of protein/cell (Button,
1998; Gonzalez-Cabaleiro et al., 2019)

Table A.6. Biomass growth yield (Yxs) of ammonia oxidizing bacteria and archaea.

Culture Yxs (g-Bio/g-NHz) T (°C) pH References
Ammonia-oxidizing bacteria (non-marine)
Mixed culture 0.0320-0.0107 21-25 7.0-85 Cubanvetal Zigigharma gahler,
Nitrosospira sp. 40K1 0.0326 22 7.8 (Jiang, 1999)
Nitrosospira sp. AF 0.0127 22 7.8 (Jiang, 1999)
Nitrosospira sp. B6 0.0507 22 7.8 (Jiang, 1999)
Nitrosospira sp. L115 0.0489 22 7.8 (Jiang, 1999)
. (Bruijn et al., 1995; Keen & Prosser,
Nitrosomonas europaea 0.052 - 0084 30 8.0 1987: Kits et al., 2017)

Ammonia-oxidizing bacteria (marine)

Nitrosococcus oceani 0.081, 0.047 28 — 30 75 (Kits et al., 2017; Konneke et al., 2014)
Ammonia-oxidizing archaea (non-marine)

Nitrososphaera gargensis 0.096 — 0.109 30 7.6 (Kits et al., 2017)

Nitrososphaera vienennsis 0.096 - 0.103 30 76 (Kits et al., 2017)

Ammonia-oxidizing archaea (marine)

Nitrosopumilus maritimus ~ 0.068—0.092  28-30 7.5-7.8  (<onnekeetal, 2014; Martens-

Habbena et al., 2009; Qin et al., 2017)

Nitrosopumilus piranensis 0.0744 325 7.1 (Bayer etal., 2015)

Nitrosopumilus adriaticus 0.081 30 7.1 (Bayer etal., 2015)
Complete ammonia-oxidizing bacteria (CMX)

Nitrospira inopinata 0.125-0.137 30 7.6 (Kits et al., 2017)
Average values * Standard deviation (number of samples, n)

AOB (n=9) 0.054 + 0.024 - - -

AOA (n=9) 0.088 + 0.014 - - -

Factors:1.9mgBio(dry)/mg of protein; 194fgBio(dry)/cell; 3gBio(wet)/gBio(dry); 1.416gCOD/gBio; 0.4gBio(D)/L/ODsoo
(Button, 1998; Gonzalez-Cabaleiro et al., 2019; F. Li et al., 2018)
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Table A.7. Biomass growth yield (Yxs) of nitrite oxidizing bacteria.

Culture Yxs (g-Bio/g-NO2) T (°C) pH References
Nitrite-oxidizing bacteria (non-marine)
Nitrospira japonica 0.043 25 8.0 (Ushiki etal., 2017)
Nitrobacter agilis 0.0126 30 8.0 (Hunik et al., 1994)
Nitrobacter winogradskyi 0.0103 28 7.5 (Nowka et al., 2015)
Nitrospira sp. ND1 0.0258 25 8.0 (Ushiki etal., 2017)

(Ehrich et al., 1995; Nowka et al.,
2015)
(Nowka et al., 2015; Starkenburg,
Arp, et al., 2008)

Nitrospira moscoviensis 0.0149 - 0.0264 37 7.5-8.6

Nitrobacter hamburgensis ~ 0.0133-0.0266 28-30 7.5-7.8

Nitrospira lenta 0.0158 38 7.5 (Nowka et al., 2015)

Nitrospira defluvii 0.0151 28 7.5 (Nowka et al., 2015)

Ca. Nitrotoga arctica 0.0126 17 7.5 (Nowka et al., 2015)

Nitrobacter vulgaris 0.0123 28 7.5 (Nowka et al., 2015)
Nitrite-oxidizing bacteria (marine)

Nitrospira watsonii 0.0273 28 ? (Spieck et al., 2014)

Nitrospira sp. Ecomares 0.0074 - 0.0372 25 70-75 (Keuter, 2011)

Nitrospira marina 0.005-0.0119 28 7.6-8.0 (Watson et al., 1986)
Average values + Standard deviation (number of samples, n)

C-type NOB (n = 10) 0.022 + 0.012 — — —

P-type NOB (n = 11) 0.021 £ 0.012 — - -

(@ Theoretical value. Maximum growth yield

(@ See Supplementary text — Materials and Methods. OMZ: Oxygen Minimum Zone

Factors: 1.9mgBio(dry)/mg of protein; 194fgBio(dry)/cell; 3gBio(wet)/gBio(dry); 1.416gCOD/gBio (Button, 1998;
Gonzélez-Cabaleiro et al., 2019; F. Li et al., 2018)

Table A.8. Inventory of the terminal oxidases of ammonia and nitrite oxidisers. The presence of terminal
oxidase in each nitrifier groups is indicated with their references.

Terminal oxidase AOB AOA - - NOI.3 - -
Nitrobacter  Nitrospira Nitrospina
Cytochrome c oxidase aas [1] [2] [3]
Putative cytochrome bd-like [4]
Cytochrome c oxidase chbs [5]® [4]

[1] References: (Sedlacek et al., 2019; Thandar et al., 2016; Whittaker et al., 2000)
[2] References: (Schafer & Penefsky, 2008; Walker et al., 2010)

[3] References: (Nomoto et al., 1993; Starkenburg et al., 2006; Tanaka et al., 1983)
[4] References: (Lucker et al., 2010)

[5] References: (Sedlacek et al., 2019)

@ Isolated only in Nitrosomonas eutropha and Nitrosomonas cluster 7 strain GH22

Table A.9. Intrinsic half-saturation constant for oxygen (Ko2) of terminal oxidases isolated in nitrifiers.

Terminal oxidase E® (uM) M®@ (uM) L® (nM) References
Cytochrome c oxidase aas 0.97 - 5.00 ND® 50 - 62 [1]
Putative cytochrome bd-like  0.27 — 4.00 0.27-041 8-24 [2]
Cytochrome c oxidase cbbs 0.08-0.98 0.011-0.151 4-7 [3]

() Method to determine Koz: Oxygen electrode method. Cultures: P. aeruginosa, B. cereus, E. coli, A. vinelandii. B.
japonicum and mitochondrial c. aas. @ Method to determine Ko2: Deoxygenation kinetics of oxymyoglobin. Cultures:
P. aeruginosa, A. vinelandii and Rhizobium spp. & Method to determine Ko2: Deoxygenation kinetics of
oxyleghemoglobin. Cultures: B. japonicum, K. pneumoniae, E. coli, mitochondrial c. aas, A. vinelandii, P. aeruginosa
and Bradyrhizobium spp. ® ND, not determined

[1] References: (Arai et al., 2014; Cooper et al., 2003; Garcia-Horsman et al., 1991; Preisig et al., 1996)

[2] References: (Arai et al., 2014; Belevich et al., 2007; Belevich et al., 2005; D'Mello et al., 1994; D'Mello et al.,
1996; Kita et al., 1984; Kolonay et al., 1994; Mason et al., 2009; Rice & Hempfling, 1978; Smith et al., 1990)

[3] References: (Arai et al., 2014; Bergersen & Turner, 1980; Hirai et al., 2016; Preisig et al., 1996)
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Table A.10. References of apparent substrate affinity (Kmpp)) for Oz of nitrite-oxidizing bacteria (NOB).

Genera Growth measurements Activity measurements
N (Blackburne et aI.1 2008; Hunik etal., 1994; Ohgaki (Boon & Laudelout, 1960; Laanbroek et al.,
& Wantawin, 1989; Wiesmann, 1994) 1994; Laanbroek & Gerards, 1993)
Nitrospira (Park et al., 2017) (Ushiki et al., 2017)
Nitrospina ND® (Bristow et al., 2016)

) ND, not determined
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Table A.11. Summary and description of the data collected from literature of considered ammonia oxidizers.

References are provided in Supplementary Tables.

cé Growth rate ([imax) Ammonia affinity (a%m) Oxygen affinity (a’o2) Growth yield (Yxs)
nt 50% ME m n S0 M 1 n SO M 1 n SO M I

Ammonia-oxidizing bacteria (non-marine)

Mixed culture (Mx AOB-FW) Mx 6 NW RCOM S 8 N W R.MD 3 7 W R.M.B S 7 N.W D,B.M.R 3

Nitrosomonas europaea P 7 N B.D.P 5 6 N, W P.D.B 3 11 NW RPM S 3 N D.B.E S

Nitrosomonas eligofropha E.P 3 N PR g 2 N P.E 5 3 N W E. B s 0

Nitrosospiva sp. 40K1 P 1 N D S 1 N D 5 0 1 N D S

Nitrosospira sp. AF P 1 N D 5 1 N D 5 0 1 N D 5

Nitrosospira sp. BO P 1 W D 5 1 W D 3 0 1 W D S

Nitrosospira sp. L1153 P 1 N D S 1 N D 3 0 1 N D S
Ammonia-oxidizing bacteria (marine)

Mixed culture (Mx AOB-5W) Mx 3 N M WM 3 N M WM 0 0

Nitrosomonas marina P 1 N B S 0 0 0

Nifrasococeus oceant P 1 N B g 4 N B 5 0 2 N D.B g
Ammonia-oxidizing archaea (non-marine)

Mixed culture (Mx AOA-FW) Mx 2 N P S 2 N R 8 1 N R S 0

Nitrososphaera koreensis E 1 N R.P S 1 N R 5 1 N R S 0

Nitrososphaera vienennsis P 1 N P S 3 N R 5 1 N R S 4 N PC 5

Nitrososphaera gargensis P 1 N P 5 2 N R 5 0 4 N PC S

Nitrosotenuis uzoenensis E 0 2 N R 3 0 0
Ammonia-oxidizing archaea (marine)

Mizxed culture (Mx ADA-SW) Mx 4 N R.P NM 1 N R NM 1 N R NM 0

Mixed culture from OMZ® Mx 0 0 2 N R NM 0

Nitrosopumilus maritimus P 3 N R g 2 N E.B 5 2 N E s 3 N D.E g

Nitrosopumilus piranensis E 1 N E 5 0 0 1 N i S

Nitrosopumilus adriactus E 1 N 15 S 0 0 1 N E 5
Complete ammonia-oxidizing bacteria (CMX)

Nitrospira inopinata P I N P 5 I N R 5 ] 4 N PC 5

Ca. Nitrospira kreftii E 0 I N R S 0 0

¢ C = Culture type: Mx — Mixed culture; P — Pure culture; E — Enriched culture

T n=Number of parameters

* 50 = Sample origin: N — Natural environment; W — Wastewater treatment plant
§M = Experimental method: R — Respirometry; D — Cell density/Cell count; CO — Maximum CO: uptake rate; M — Model; B — Bibliography: P — Product/substrate rates or log plot; PC — Protein content; E — Estimated (Vs = ASVAS)

71 =Medium: § — Synthetic medium; NM — Natural medium; WM — Real wastewater

HOMEZ: Oxyzen Minimum Fone
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ce Growth rate (Jimax) Nitrite affinity (a%o02) Oxygen affinity (ao2) Growth yield (Yxs)
nt S0t ME o n SO M 1 n SO M 1 n SO M I
Nitrite-oxidizing bacteria (non-marine)
Mixed culture (Mx NOB-FW) Mx 5 NW M.D S 5 N.W RDM 5 13 N W M.B.R S 6 NW M.D.B 3
Nitrobacter vulgaris P 2 W D S 1 W R 5 0 1 W PC 5
Nitrospira sp. ND1 P 1 W D 5 1 W P 5 2 W R S 1 W E 3
Nitrospira japonica P 1 W D 5 1 W P 5 2 W R 5 1 W E 8
Ca. Nitrotoga arctica P 1 N D S 0 0 1 N PC 5
Nitrobacter agilis P 2 W M b 18 NW R 5 2 NW B. M S 1 N M 3
Nitrobacter winogradskyi P 6 N D. M 5 10 N, W MR 8 2 NW R. P < 2 NW PC, M )
Nitrospira defluvii P 1 W D S 1 W R 5 0 1 W PC 3
Nitrospira lenta'?) P 1 W D S 0 0 1 W PC S
Nitrospira moscoviensis P 2 N.W D.M S 1 N W MR S 0 2 N PC.E s
Nitrobacter hamburgensis P 5 N D S 5 N R s 2 N R S 2 N PC.E s
Nitrite-oxidizing bacteria (marine)

Mixed culture (Mx NOB-5W) Mx 0 0 1 W R S 0
Nitrococcus mobilis B 2 N D 5 2 N R 5 0 0
Nitrotoga sp. AM1 E 1 N D b} 0 0 0
Nitrospira maring P 1 N D S 0 0 1 N E 5
Nitrospina gracilis P 1 N D 5 0 0 0
Nitrospina watsonii E 1 N D S 2 N R ) 0 1 N E 3
Nitrospinae phyl. from OMZ®?  Mx 2 N D NM 2 N M NM 2 N R NM 0
Nitrospira sp. Ecomares P 2 W D NM 2 W R 5 0 2 W D.E NM

Table A.12. Summary and description of the data collected from literature of considered nitrite oxidizers.

References are provided in Supplementary Tables.

# € = Culture type: Mx — Mixed culture; P — Pure culture; E — Eariched culture

T n=Number of parameters

* 50 = Sample origin: N — Natural environment, W — Wastewater treatment plant

$M = Experimental method: R — Respirometry; D — Cell density/Cell count; CO — Maximum CO, uptake rate; M — Model; B — Bibliography; P — Product/substrate rates or log plot; PC — Protein content, E — Estimated (Vs = AXVAS)
1 =Medium: § — Synthetic medium; NM — Natural medium; WM — Real wastewater

OMZ: Oxyzen Minimum Fone
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Supplementary Figures
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Figure A.1. A) Maximum specific growth rate of (Hmax) of AOB and AOA as a function of the pH. Dashed lines represent
AOA and solid lines represent AOB. Doted red line represents the percentage of free ammonia (NHs) and doted black line
represents the percentage of ammonium (NH4*) in function of pH. References: (Anthonisen et al., 1976; Antoniou et al.,
1990; French et al., 2012; Jiang, 1999; Jung et al., 2011; Kim et al., 2012; Li et al., 2016; Qin et al., 2014; Tourna et al.,
2011). B) Maximum specific growth rate of (umax) of NOB as function of the pH. Dashed lines represent species belonging
of genus Nitrospira and solid lines represent species belonging of genus Nitrobacter. References: (Blackburne etal., 2007a,
2007b; Boon & Laudelout, 1960; Hunik et al., 1993; Keen & Prosser, 1987; Kitzinger et al., 2018; Wegen et al., 2019;
Zhang et al., 2018).
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Figure A.2. Regression fits to different kinetic datasets of nitrifiers and their corresponding Pearson
correlation coefficient (r) with significance (p value) and sample size (n). A) Hmax Versus a’nys of AOB, AOA
and CMX B) Hmax versus a’yus of AOB only C) pmax versus a’nws of AOA only D) pmax versus Yxs of AOB, AOA
and CMX (excluding acidophilic AOB) E) Hmax versus Yxs of AOA only F) pmax versus Yxs of AOB only G) Hmax
versus a’noz 0f NOB H) Limax Versus Yxs of NOB 1) pmax Versus a’yoz of AOB, AOA and NOB.
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Ammonia-oxidizing archaea (AOA)

Ammonia-oxidizing bacteria (AOB)
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u.m
0.015 1 n=2 I
n=2
0.010 1 n=4
0.005 - n=1
==,
0.000 _ | _ _ _ _ _ _ _ _ _
Marine Marine Non-marine Non-marine Non-marine Marine Marine Non-marine Non-marine Non-marine Non-marine
Sediments  Water  Hotwater  Sediments Soil Sediments  Water Acid soil  Sediments Soil WWTP
column column
P <0.05(%) AOA Sedim AOQA WatCol AOA HotWat  AOA -Sedim AOA Soil AOB Sedim AOB-WatCol AOB-AcidSoil AOB-Sedim AOB-Soil AOB-WWTIP
AOA-Sedim - - - - - - - - - - -
AOQA WatCol <0.0007* - - - - - - - - - —
AQA-HotWat <0.0001* >0.05 - - - - - - - - —
AOQA Sedim 0.07 0.049% 0.007* - - - - - - - —
AQA-Seil 0.016* >0.05 0.072 0.43 - - - - - - —
AOB Sedim 0.256 <0.0001* <0.0001* 0.011* <0.0007* - - - - - —
AOB-WatCol 0.007* <0.0001* <0.0001* <0.0001* <0.0001* 0.04* - - - - —
AOB-AcidSoil 0.069 0.136 0.017% =0.05 >0.05 <0.006* <0.0001% - - - —
AOB-Sedim <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.003* 0.264 <0.0001* - - —
AOB-Soeil <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.003% =005 <0.0001%* =005 - -
AOB-WWTP 0.148 <0.0001* <0.0001* 0.002 <0.0001* >0.05 >0.05 <0.0008* 0.018* 0.05 —

Figure A.3. AOB and AOA maximum growth rates (iumax) from distinct environments. P-values (One-way

ANOVA) between environments on bottom table. Number of bibliographic data is indicated above each

boxplot. Boxplots depict the 75-100% quantile range, with the centre line depicting the median (50% quantile)

and crosses depicting the average value. Data of each environment are shown as points. Table legend: Sedim

— Sediments; WatCol — Water column; HotWat — Hot water; AcidSoil — Acidic soil; WWTP — Wastewater

Treatment Plant.
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Ammonia-oxidizing archaea (AQOA) Ammonia-oxidizing bacteria (AOB)
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Marine Marine Non-marine Non-marine Marine Non-marine Non-marine  Non-marine
Sediments Water Hot water Sail Sediments Soil Acid soil WWTP
column
P<0.05(%) AQOA-Sediments AOA-Water column AQA-Hot water AQOA-Seoil AOB-Sediments AQOB-Soil AOB-Acidicsoil AOB-WWTP
AOA-Sediments - — — - - - - -
AOQA-Water column =0.05 - - - - - - -
AOQA-Hot water =0.04* <0.05% - - - - - -
AOA-Soil 0.031* 0.04* =0.05 - - - - -
AOB-Sediments 0.38 0.30 <0.003* 0.004* - - - -
AOB-Soil 0.69 0.06 <0.0001* <0.0002* =0.05 - - -
AOB-Acidic soil 0.01* <0.009* <0.0002* <0.0003* <0.04* <0.02% - -
AOB-WWTP 0.85 =0.05 0.03% 0.04%* =0.05 =0.05 <0.02* -

between environments on bottom table. Number of bibliographic data is indicated above each boxplot.

Boxplots depict the 75-100% quantile range, with the centre line depicting the median (50% quantile) and
crosses depicting the average value. Data of each environment are shown as points. Table legend: WWTP —

Figure A.4. AOB and AOA growth yields (Yxs) from distinct environments. P-values (One-way ANOVA)
Wastewater Treatment Plant.
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Ammonia-oxidizing archaea (AQA)

Ammoenia-oxidizing bacteria (AOB)
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AOQOA-Sediments — — — — — - -
AOA-Hot water =20.0001* - - - - - -
AOA-Soil <20.0001* <0.006* — — — — —
AOB-Sediments <0.0001* <0.0001* <0.0001* - - - -
AOB-Acidic soil <0.0001* 0.16 0.465 <0.0001* — - -
AOQOB-Sediments <0.0001* <0.013* <0.0001* 0.058 <0.0001* — —
AOB-Soil =0.0001* <0.0001* <0.0001% <0.0001* <0.0001% <0.0001* -

Figure A.5. AOB and AOA specific affinity for ammonia (a’nws) from distinct environments. P-values (One-

way ANOVA) between environments on bottom table. Number of bibliographic data is indicated above each

boxplot. Boxplots depict the 75-100% quantile range, with the centre line depicting the median (50% quantile)

and crosses depicting the average value. Data of each environment are shown as points. Values of a’yns were

logio transformed before statistical analysis due to the order of magnitude difference in the determined values.
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Nitrobacter, Nitrocaccus (C-type)

Nitrospira, Nitrospina (P-type)

Nitrotoga (sP-type)

0.045 -

n=1
ll
0.040 4 n=4
n=2
0.035 A1 @
0.030 A
< 0.025 n=1
et n=14 n=1
H = —_—
£ 0.020 1 n=4 —_——
0.015 A n=2 n=2 n=4
Bl -
0.005 A o
0.000 T _ _ _ _ T T _ _ |
Marine Non-marine Non-marine  Non-marine Marine Marine Marine Non-marine  Non-marine Marine Non-marine
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P=0.05(%) C—Water col. C—Sediments C—Seil C-WWTP P-OMZ P-Water col. P—Sediments P-Hot water P-WWTP sP—Sediments sP—Soil
C—Water col. - - - - - - - - - - -
C—Sediments <0.0001* - - - - - - - - - -
C—Soil <0.0001* <0.0001%* - — - — - - — — —
C-WWTP <0.0001* <0.0001%* <0.0001% — - — - - — — —
P-OMZ <0.0001* <0.0001%* 0.073 <0.0001* - — - - — — —
P—Water col. <0.0001%* <0.0001%* 0.059 <0.0001* 0.0002% — - - — — —
P—Sediments <0.0001%* <0.0001%* 0.003% <0.0001* =0.05 <0.0001* - - — — —
P—Hot water <0.0001* <0.0001% 0.059 <0.0001* =0.05 0.0002* =0.05 - - - -
P-WWTP <0.0001* <0.0001* 0.069 <0.0001* >0.05 0.0008* 0.249 =0.05 - - -
sP—Sediments <0.0001* <0.0001* <0.0001% <0.0001*  <0.0001* <0.0001* =0.0001* <0.0001* <0.0001* - -
sP—Soil <0.0001* <0.0001* <0.0001% <0.0004*  <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.017* -

Figure A.6. NOB maximum growth rates (umax) from distinct environments. P-values (One-way ANOVA)
between environments on bottom table. Number of bibliographic data is indicated above each boxplot.

Boxplots depict the 75-100% quantile range, with the centre line depicting the median (50% quantile) and

crosses depicting the average value. Data of each environment are shown as points. Table legend:
OMZ — Oxygen Minimum Zone; Water col. — Water column; WWTP — Wastewater Treatment Plant.



Appendix A | 154
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Figure A.7. NOB growth yields (Yxs) from distinct environments. P-values (One-way ANOVA) between
environments on bottom table. Number of bibliographic data is indicated above each boxplot. Boxplots depict
the 75-100% quantile range, with the centre line depicting the median (50% quantile) and crosses depicting
the average value. Data of each environment are shown as points. Table legend: WWTP — Wastewater
Treatment Plant.



Appendix A | 155

Nitrobacter, Nitrococcus (C-type)

Nitrospira, Nitrospina (P-type)

Nitrotoga (sP-type)

3.5 1
n=4
3.0 4 n=2 n=1
—_— n=1 n=1 n=1
254 —_— — e
K .
8 15+
1.0 1
0.54
L]
0.0 _ T I [ I _ _ _ I _
Marine Non-marine Non-marine Marine Marine Non-marine Non-marine Marine Non-marine Non-marine
Water Soil WWTP Water Sediments Hot water WWTP Sediments Soil WWTP
column column
P<0.05(%) C-Water column C-Soil C-WWTP P-Watercol.  P-Sediments P-Hot water P-WWTP sP-Sediments sP-Seil sP-WWTP
C-Water column - - - - - - - - - -
C-Soil <0.0001* — - — - — - - - -
C-WWTP <0.0001* =0.0001* - — - — - - - -
P-Water column =0.05 =0.0001* =0.0001* - - - - - - -
P-Sediments =0.0001* =0.0001* =(0.0001* <0.0001* - - - - - -
P-Hot water 0.73 =0.0001* =0.0001* 0.87 =(0.0001* - - - - -
P-WWTP =0.0001* =0.0001* 0.43 <0.0001* =0.0001* <0.0001* - - - -
sP-Sediments 0.23 =0.0001* =0.0001* 0.17 =0.0001* =020 =0.0001* - - -
sP-Seil <0.0001* =0.0001* <0.0001* <0.0001* =02 <0.0001* <0.0001* <0.0001* - -
sP-WWTP <0.0001* =0.0001* =0.0001* <0.0001* =0.0001* <0.0001* =<0.0001* <0.0001* <0.002* -

Figure A.8. NOB specific affinity for nitrite (a®oz) from distinct environments. P-values (One-way ANOVA)
between environments on bottom table. Number of bibliographic data is indicated above each boxplot.
Boxplots depict the 75-100% quantile range, with the centre line depicting the median (50% quantile) and

crosses depicting the average value. Data of each environment are shown as points. Values of a0, were logio

transformed before statistical analysis due to the order of magnitude difference in the determined values. Table

legend: WWTP — Wastewater Treatment Plant.
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Figure A.9. AOB, AOA and NOB specific affinity for oxygen (a%:2) from distinct environments. P-values
(One-way ANOVA) between environments on bottom table. Number of bibliographic data is indicated above
each boxplot. Boxplots depict the 75-100% quantile range, with the centre line depicting the median (50%
quantile) and crosses depicting the average value. Data of each environment are shown as points. Values of
a’yo2 Were logio transformed before statistical analysis due to the order of magnitude difference in the
determined values. Table legend: WWTP — Wastewater Treatment Plant.
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Appendix B - Chapter 5

Contents

Quadtree algorithm

Definition of diffusion and no-diffusion regions

Integration algorithm

Rearrangement of diffusion-reaction equation in matrixial form

Deduction of RES equation
Quadtree algorithm

Overlap detection and shoving computation between microbes could be an expensive
operation. If a rough overlap algorithm (i.e., comparing each pair of microbes) is applied in
an aggregate with 1000 microbes, it would require 1x10° operations (i.e., time complexity
of 0(n?)). To improve shoving computation, the number of checks should be reduced. Two
microbes that are at opposite sites on aggregate (or far enough) cannot possibly overlap, so
there is no need to check for an overlap between them. Here is where quadtree comes into
play. Applying quadtree in overlap detection and shoving computation the number of checks

is reduced significantly, turning the time complexity from 0(n?) to O(nlogn).

Quadtree is a tree data structure in which an internal node is sectioned in four child nodes,
and each of those children could potentially be sectioned into four. Basically, quadtrees are
used to split a 2D regional space by recursively subdividing it into four regions. In this case,
the number of microbes in each subregion dictates if these regions must be divided or not —
if a specific region holds a higher number of microbes than the maximum number (so-called
capacity), then this region will be divided into four new regions. Figure B.1 shows an
example of how quadtree works in a system in which it has a capacity of one microbe (i.e.,

only one microbe per region).
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Mesh

Insert B Insert C Insert D

*~
*0

Element Tree Structure

IV | I

Figure B.1. Quadtree representation (capacity = 1). Each circle represents a microbe in the system.

Subregions are labelled clockwise (see blue grid on bottom-left of figure).

Once understood how quadtree is created (mesh and data structure), it is time to figure out
how quadtree plays in shoving algorithm. First, it is necessary to create a new quadtree mesh
and tree data structure (Figure B.2). Every time that a division occurs, quadtree must be
updated for the new microbes and their locations. Afterwards, each microbe is inserted on

quadtree, that is, it is set in a specific region (or node).

Figure B.2. Selection of neighbours (green circles) of microbe m (blue circle). The centre of circle
(black dot) indicates the exact position of microbe. In this example, quadtree capacity is 4 (i.e.,
maximum 4 microbes per region). Green square represents the neighbourhood zone of microbe m
(blue circle), and dashed orange square shows all regions that intersect with the neighbourhood

zone of microbe m.

Before executing the overlap detection, the neighbours of all microbes are established. For
that, it is firstly created a neighbourhood zone that surrounds each microbe (i.e., microbe is

on the centre of neighbourhood zone). As the quadtree is not updated after every shoving
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step, the neighbourhood zone is set to 4 times the maximum radius of microbes. Then, for

each microbe, the regions (or subregions) which intersects with its neighbourhood zone are

selected and, subsequently, it is evaluated whether microbes located in those intersect

regions are within the neighbourhood zone or not (Figure B.2).

Finally, overlap assessment and shoving estimation (if needed) are only performed over the

neighbour individuals (Egs. 5.8 — 5.13). Because bacteria are not motile and, therefore, will

not move very far from the original position, it is assumed that chosen neighbouring bacteria

stay constant. An overview of the shoving algorithm is presented in Figure B.3.

New cell division

|

Quadtree creation
Generation of a new quadtree mesh and insertion of microbes in it

end loop

end loop

I
m.NBR
|
Query for its neighbours
and save them (if any)

Create
neighbourhood zone

for-each
microbe

microbe
(m1)

ml

for-each
m1.NBR
(m2)

shov=1
m1.shx, m1.shy
m2.shx, m2.shy

true Shoving estimation

false

Overlap evaluation

for-each
microbe
(m)

m.shx

Shoving implementation.
—
m.shy

New m.x & m.y

end loop

Shoving needed?
(shov=1)

true >

false

» END

Figure B.3. Scheme of shoving algorithm. Legend: m.shx and m.shy — displacement of microbe m

due to shoving of the others; m.NBR — neighbours of microbe m.
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Definition of diffusion and no-diffusion regions

The diffusion region, where diffusion-reaction equation is solved, comprises the aggregate
region and boundary layer. The aggregate region corresponds to cells in which bacteria are
growing. Boundary layer is the region of grid cells in the immediate vicinity of boundary

layer.

The distinction of the diffusion region starts with the detection of which nodes are potentially
in this region, creating a preliminary diffusion region (Figure B.4A). For that, the minimum
and maximum position of microbes on domain in coordinate x and y plus the boundary layer
thickness are considered. The computational cost is reduced by using this preliminary

diffusion region instead of the entire simulation domain.

A) B)

Bulk liquid Boundary layer
thicknes

h

©]
oo
O[O
0lolo

Figure B.4. Detection of diffusion region. A) Representation of preliminary diffusion region (green

OOOIO
OOV
©)(0](0)(C)©,

square). Legend: BL —boundary layer. B) Neighbouring grid cells (green squares, g; ;) of a specific

boundary grid cell with microbes (blue square) with potential to be included in diffusion region.

Then, grid cells with bacteria (at least one individual) are determined and included in the
diffusion region defining the aggregate region. To recognise which grid cells are belonging
to the boundary layer region (and including them in diffusion region), the boundary grid
cells with microbes (i.e., the outermost grid cells of aggregate region) must be sought. An
efficient way to find them is through the convolution of aggregate region matrix and edge

detection kernel (Eqg. B.1).

_1/8 _1/8 _1/8
Klep = -V 1 -1 (B.1)
_1/8 _1/8 _1/8
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Once boundary grid cells with microbes are found, it is time to check whether the
neighbouring grid cells (g; ;) belong to the boundary layer region and, thus, the diffusion
region. By dividing the boundary layer thickness by grid size (h), the extent of the
neighbouring grid cells with possibility to belong the boundary layer region is obtained
(Figure B.4B).

Finally, the focus region is defined, establishing the region of the simulation domain where
diffusion-reaction equation is solved, and the pseudo-steady state is checked. The flowchart

of the diffusion region determination is presented in Figure B.5.

Selection of a preliminary diffusion region
Determination of which grid cells are potentially in the diffusion region

Selection of granule region (gridCell)
Determination of which grid cells hold microbes, and include them in
diffusion region (isDiffReq > gridcCell)

h 4

Find boundary grid cells with bacteria (gridCellBDY)
Determination of the outermost grid cells of aggregate region to
determine the boundary layer

|
gridCellBDY

|

for-each
gridCellBDY

r 3
»

end loop (CellG)
CellG
for-each s
< Include g in isDiffReg
CellG.g;; « T r (isDiffReg 3 g) +——
end loop (g) true r'\

g already in

o false
isDiffReg
Pl

BL thickness

false

l Check if g is within the boundary layer
thickness from microbe of CellG

.
L

—| Definition of focus region ——»END

Figure B.5. Algorithm of diffusion region determination.



Integration algorithm

An overall scheme of model integration is presented in Figure B.6.

START
I

t=0

l— false true —l

E N D Diffusion-reaction equation solving

Update of microbial mass (w/ dt)

Update of reaction matrix

t+=dt
l4— false true =p| Checking pseudo-steady state of ¢
[&———  ( +=ng-dt —— false

true

tss += ngs- dt

i

Set current time to next microbe activity time

£ =ty dr'=t"-t

v

Update of microbial mass (w/ dt”)
]
thae += Ol
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Update microbial radius
true —| Cell division and/or decay
Shoving of microbes

Microbe detachment (if any)

false

'

]
Loy += dig,

Update of reaction matrix

Update of the Dirichlet condition and [¢ 5]

'—'

& false U <+ t=t J

t=1,

= Lsove

true
¥

— Loy = dlge — Save all important variables

Figure B.6. Algorithm scheme of the integration process.
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Rearrangement of diffusion-reaction equation in matrixial form

Let consider the two-dimensional diffusion-reaction equation (Eq. B.2)
a
ad)f,j =D- Vazcyfl-"it,j + R((pit,j) (B.2)

where ¢§jrefers to the concentration of a soluble component in a position of the simulation
domain (i,j) and in a time step (t), and D refers to the effective coefficient of diffusion.
Applying the implicit Crank-Nicholson method to discretize in time the diffusion term, and
explicit forward Euler formula for reaction term, Eq. B.3 is obtained.

n+1 n
bij —bij _

1
- D [Vi, ol + Vi o] + R($F) neEL..N, (B.3)

Let use convolution method and the Laplacian kernel to compute V,chd){}j (finite-difference

method, Eqg. B.4) and define the constant a as Eq. B.5:

V2P = = (L] * ¢7) (B.4)
= o (B5)

Now, diffusion-reaction equation can be rewritten in matrixial form, obtaining Eq. B.6.
[¢"*] — [¢"] = alL] = [¢"* '] + a[L] = [¢"] + R([¢"]D) - h:
("] — a[L] = [¢"*1] = [¢"] + a[L] * [¢"] + R([¢"]) - h;
Multiplicative identity — [I;e] * [¢"*"] — a[L] * [¢"*] = (1] = [@"] + alL] * [¢"] + R([$"]) - he
Distributivity property = ([I,] — a[L]) = [¢"**] = ([I] + «[L]) * [¢™] + R([9"]) -

(U] — alLD « [¢"**] = ([I] + alL]) * [¢"] + R([¢"]) - b, (B.6)
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Deduction of RES equation

The steady-state of soluble components (¢; ;) is defined by Eq. B.7.
0=D-Viy¢;; +R(¢;)) (B.7)

Applying finite-difference method for space discretization through Laplacian kernel [L] and
coevolution method, plus considering the boundary conditions (Dirichlet condition), Eq. B.8

is obtained.
0=D-—-([L] *[]") +R([¢]) (B.8)

The units of this expression are [mol-m=-h"]. Because the same expression but with
concentration units [M] is needed, every term of Eq. B.8 is multiplied by the characteristic
diffusion time (h? /D), obtaining the Eq. B.9.

0 =[L] * [¢]" + (h*/D) - R([$]) (B.9)

Assuming that the system reaches the pseudo-steady state when RES is lower than a

tolerance, RES expression is defined as Eq. B.10.

RES :=[L] * [¢]" + (h?/D) - R([¢]) < Tol (B.10)
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Appendix C - Chapter 6

Contents

Supplementary Text — Decision of the selection of eco-interactions

Supplementary Tables — Tables C.1 - C.3

Supplementary Figures — Figures C.1 — C.11

Supplementary Videos — Videos C.1 - C.3

Supplementary Text - Decision of the selection of eco-interactions

Considering neutralism [0,0], competition [-—], commensalism [0,+], mutualism [+,+],

parasitism [-,+] and amensalism [-,0] as the 6 main ecological interactions (Figure 6.1), this

study has focused on the three first cases (neutralism, competition and commensalism) and

concurrence of competition and commensalism. The reasons of the decision are stated below:

e Mutualism [+,+]. Distinguishing cross-feeding (or syntrophy) and co-protection (or

symprostasy) as two specific ecological interactions belonging to mutualism:

1.

2.

Cross-feeding (substrate-related mutualism). This ecological interaction has
already been studied by Mitri, S. et al., 2011 and Momeni et al, 2013, evaluating
the influence of substrate(s) concentration and the presence of competition between
microbial communities. Additionally, mutualism is one of the less frequent
ecological interactions among culturable bacteria (only 5% of all assessed
interactions among 20 soil bacteria across 40 carbon environments corresponded to
a mutualistic interaction; study from Kehe et al., 2021 (Kehe et al., 2021). As stated
in Palmer and Foster, 2022 (Palmer & Foster, 2022) — “Negative interaction
prevails, and cooperation, where two species both benefits, is typically rare”.

Co-protection (inhibitor-related mutualism). From an ecological perspective, the
resource availability has a direct impact on interactions among species (e.g., a
limited resource environment intensifies the competition for this resource). For this
reason, the influence of substrate concentration has been evaluated in this study.
Note that when inhibition of some community member is present in the system

(either for presence of inhibitor in the environment, (co)protection; or produced by
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other community member, amensalism), the inhibitory influence is strengthened as
higher is the concentration of inhibitor. Therefore, co-protection has an inverse
substance-related trend to the selected ecological interactions (neutralism,
competition and commensalism). For this reason, co-protection is not included in
this study.

e Parasitism [-,+]. One of the aims of this study is to study the combination of two
ecological interactions in which one have a positive impact (as commensalism) and the
other a negative impact (as competition). Due to parasitism has already a negative impact
in one of the species, this eco-interaction is not included.

e Amensalism [-,0]. As (co)protection, amensalism has an inverse substance-related trend
to the selected ecological interactions (neutralism, competition and commensalism).
Moreover, amensalism has already a negative impact in one of the species. For these

reasons, this eco-interaction is not included.
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Table C.1. Summary of kinetic parameters of microbial populations (B1, B2, B3) for all simulation setups.

For all simulation setups

Decay of B1 bgq - Xp1
DECay Of BZ sz ° XBZ
DECay Of B?) bB3 ° XB3

Process | Process rate (h™) Kinetic parameters
Neutralism
(4] i :
Growth of B1 a1 X Maximum gr?\llvth rate (Umax):
'[;] Hmax,B1 = 1d
Growth of B2 Hmax,B2 Kp at1B]  Xp2 Hmax,p2 = 1d™t
Ic] =1d7?
Growth of B3 Umax,B3 Kepatlcl Xp3 HmazxB3
Competition : Decay coefficient? (b):
P - by, = 0.25d""
Growth of B1 Hmaxp1 " g X1 bg, = 0.25d*
4] bgs = 0.25d71
GI‘OWth of B2 ,umax‘BZ : Kapa+IAl ) XBZ b3
o7 Affinity constant for A (Ka):
Growth of B3 Hmaxps * 3 — 7" Xb3 K5, = 0.01mM
Commensalism Ky g, = 0.01mM
[4] =0.
Growth of B1 lmax.51 ° ot Xp1 KA,BB 0.01mM
5] Affinity constant for B (Ksg):
Growth of B2 Hmaxp2 " i X2 Kg g, = 0.01mM
[c] _
Growth of B3 HUmax,B3 * KepatlCl - Xp3 KB,BZ 0.01mM
G A i KB B3 — 001mM
Competition + Commensalism '
[4] [02] Affinity constant for C (Kc):
Growth of B1 HmaxB1 "y, 0 (4] Koppi+log] B K1 = 0.01mM
[B] [02] —
Growth of B2 Hmaxp2 51 K02822+[02] Xz, K¢z = 0.01mM
[C] [02] KC,B3 = 0.01mM
Growth of B3 HmaxB3 " vl Kogps+log] B3

Affinity constant for O2 (Koz):
KOz,Bl = 0001mM

KOz,BZ = 0.001mM
K02,33 = 0.001mM

@Decay ratio is 25% of maximum growth rate (Umax) (Bodegom, 2007).
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Table C.2. Stoichiometric matrix of microbial populations (B1, B2, B3) for all simulation setups.

Process Compounds?
A | B | ¢ | b | o0 | Bl | B2 | B3

Neutralism (A,B,C)

Growth of B1 -l/YBlb 1/Ys1 1

Growth of B2 -l/YBZb 1/Ys> 1

Growth of B3 -1/YB3b 1/Yg3 1
Competition (A)

Growth of B1 -1/Yg1 1/Yg1 1

Growth of B2 -1/Ygo 1/Yg> 1

Growth of B3 -1/Yg3 1/Ygs3 1
Commensalism (A,B,C)

Growth of B1 -1/Yg1 1/Yg1 1

Growth of B2 -1/Yg> 1/Ys> 1

Growth of B3 -1/Yg3 1/Yg3 1
Competiton (O2) + Commensalism (A,B,C)

Growth of B1 -1/Yg1 1/Yg1 -1/Yg1 1

Growth of B2 -1/Yg) 1/Ygr2 -1/Yg2 1

Growth of B3 -1/Yg3 1/Yg3 -1/Yg3 1
For all simulation setups

Decay of B1 -1

Decay of B2 -1

Decay of B3 -1

aUnits: mol-L*

b All bacteria have the same growth yield: Yg: = Ys2 = Ygs = 0.01 (mol X)-(mol S)*
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Table C.3. Details of simulation experiments. For each setup, eco-interactions between microbial species,

environment of the reactor, and substrate concentrations on bulk liquid ([A], [B], [C] and [D]) are specified.

Also, it includes in which Figures the results are shown.

Setup | Specifications Figures
_5 - Replicates (3-6) of each simulation experiment
S < | - Substrate concentrations (A, B and C): [S]r: 1000mM, 10mM, 1mM 2 .
38 All eco-inter.
& & | - Ecological interactions and influent characterization: Fig. 6.3
D -
5 E Neutralism: feeding of A, B, and C — [A] = [B] = [C] = [S];/3 Figs. C1&C.2
9 . . Videos C.1 & C.2
a 8 Competition: feeding of A — [4] = [S]r
= o
$ 5 Commensalism: feeding of A — [A] = [S];
Neutralism
- Replicates (3-6) of each simulation experiment Fig. 64
: Competition
- Substrate concentrations (A, B, C): [S]r: 1mM, 0.5mM, 0.2mM, 0.1mM .
( ): Sk Figs 6.5 & 6.9
8 Ecological interactions and influent characterization: Video C.3
g % Neutralism: feeding of A, B, and C — [A] = [B] = [C] = [S];/3 Commensalism
© .
= % Competition: feeding of A — [A] = [S] Figs. 6.6 & 6.9
= .
&S Commensalism: feeding of A — [A] = [S]; Fig. C.4
= 2 All eco-inter.
g g Fig. C.3
- Replicates (3-6) of each simulation experiment
- Substrate concentrations (A, B and C): [S]+: 1mM, 0.5mM, 0.1mM, .
Commensalism
o § [00mMM plus competition
g g - Oxygen concentrations: [O]: 10mg-L%, 6mg-Lt, 3.75mg-L?, Figs 6.7-6.9
¥ e E 1.90mg-L*, 1mg-L?, 0.5mg-L"* Figs. C.5-C.10
‘3_ § - Ecological interactions and bulk liquid characterization: Video C.3
§ E Commensalism + competition: feeding of A and Oz — [4], = [S];

2Consideration until substrates started to become limiting inside aggregate.
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Supplementary Figures

Neutralism [0,0,0] Competition [-,-,- Commensalism [0,+,+]

A)

B)

Figure C.1. Influence of inoculum size and substrate gradients on intermixing of microbial populations
considering neutralism, competition and commensalism with [S]r = 100 mM. A) Aggregate pictures captured
at 8 d of simulation starting with an inoculum size of 20 um (diameter) and considering diffusion resistance of
substrates. B) Aggregate pictures captured at 4 d of simulation starting with an inoculum size of 160 um
(replicating the starting point of Mitri et al. (2016)) and removing the substrate gradients (no diffusion

resistance). None of the simulations are in steady state yet.
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Commensalism [0,+,+]
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Figure C.2. Substrate profiles on the transverse plane of aggregates considering neutralism, competition or
commensalism. A) Substrate profiles from simulations at [S]r= 100 mM (t = 8 d). B) Substrate profiles from
simulations at [S]r=10mM (t=10d). C) Substrate profiles from simulations at [S]r=1 mM (t = 15d).
Legend: [A] — purple line; [B] — green line; [C] — orange line.
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A) Neutralism [0,0,0] B) Competition [-,—,— C) Commensalism [0,+,+]
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Figure C.3. Regression fits to different relative abundance/microbial fitness data pairs from simulation
experiments with their corresponding Pearson’s coefficient (r) with their significance value (p-value) and
sample size (n). A) Neutralism simulations. B) Competition simulations. C) Commensalism simulations.

Legend: B1- purple circles; B2 — green circles; B3 — orange circles.
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Figure C.4. Substrate profiles on the transverse plane of aggregates considering commensalism. Legend:
[A] — purple line; [B] — green line; [C] — orange line.
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Figure C.5. Substrate profiles on the transverse plane of aggregates considering commensalism and

competition. Legend: [A] — purple line; [B] — green line; [C] — orange line; [O2] — black line.
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Figure C.6. Relative abundance of active bacteria from simulation experiments considering
commensalism and competition. Dashed red lines indicate 33.33% and 66.66% relative
abundances. Colour of asterisks points out what bacteria it refers to. In the table are shown the
significant level of the difference between B1, B2 and B3 relative abundances. Significance level
legend: ns, not significant; *, p < 0.05; **, p < 0.01; *** p < 0.001. Colours of y-axis text and table
headers indicate the ecological environment (and spatial distribution of microbial populations) of
simulation experiments: red — competitive environment (columned stratification); blue — commensal

environment (layered stratification).
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Figure C.7. Microbial fitness (F) from simulation experiments considering commensalism and competition

Asterisks indicate the significance level of the difference between B1, B2 and B3 specific growth rate

Significance level legend: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure C.8. Regression fits to different relative abundance/microbial fitness data pairs from simulation

experiments considering commensalism and competition with their corresponding Pearson’s coefficient (r)

with their significance value (p-value) and sample size (n). Legend: B1- purple circles; B2 — green circles;

B3 — orange circles.
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Figure C.9. Ecological environment distribution in a hybrid stratification case considering concurrence of
commensalism and competition ([S]T=0.1 mM, [Oz] = 3.75 mg/L; ¢pg; = 1.07). Inactive bacteria are shown

in a lighter colour. The substrate profiles are from the transverse plane of aggregate.
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Figure C.10. Influence of substrate diffusivity on spatial distribution of microbial populations
(commensalism + competition; [S]r= 1.0 mM, [Oz] = 10.0 mg/L). Inactive bacteria are shown in a lighter

colour. The substrate profiles are from the transverse plane of aggregates.
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Figure C.11. Substrate profiles on the transverse plane of aggregates considering or not detachment.
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Supplementary Videos

Video C.1. Development of aggregates and substrate profiles from simulations considering neutralism,

competition and commensalism with [S]t = 10 mM (from 0 d to 10 d).

Video C.2. Development of aggregates and substrate profiles from simulations considering neutralism,

competition and commensalism with [S]t =1 mM (from 0 d to 15 d).

Video C.3. Development of aggregates and substrate profiles from simulations considering or not the
influence of shear forces (detachment) (from 0 d to 50 d). The simulation experiments including detachment
were started with the same inoculum as those without detachment with the objective to observe the genuine

impact of the shear force in the spatial distribution of the microbial populations.

Supplementary videos presented in this section are available on PLOS Computational
Biology Journal (Martinez-Rabert et al., 2022) — Environmental and ecological controls of

the spatial distribution of microbial populations in aggregates | PLOS Computational

Biology.



https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1010807
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1010807
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1010807
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Appendix D - Chapter 7
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Supplementary Methods. Calculation of growth yield through TEEM2

The estimated growth yield values were compared with the growth yield calculated through
Thermodynamic Electron Equivalents revised Model (TEEM2) (McCarty, 2007). TEEM2
is a generalized method for the estimation of the growth yield of any microbial functional
group based on thermodynamics. The balance between anabolism and catabolism is closed
using electron equivalent units (eeq) and specific assumptions related with the necessary

energy to growth.

TEEM2 considers the use of half oxidoreductive reactions for electron donor (eD) and
electron acceptor (eA). In this case, all comammox Nitrospira metabolisms are based on
three half reactions of eD (NH; -» NO;, NO; » NO3, NHf - NO3; Egs. D.1 — D.3,
respectively), and three half reactions of eA (0, - H,0, NO; - NO;, NO; — NO; Egs. D.4
— D.6, respectively). The methods for developing all half reaction and the Gibbs energy of
formation (AG7') of each chemical component are provided by Rittmann and McCarty

(Rittmann & McCarty, 2020).

“NH} +7Hy0 > =NO7 +IH* + e AGS' = 32.928 kJ/eeq (D.1)
“NO7 +2H,0 > -NO3 + H* + e~ AGS' = 41.649 k] /eeq (D.2)
1 + 3 1 —_ 5 + —_ o/’

SNHF +2H,0 > -NO3 +2H* +e AGS' = 35.108 k] /eeq (D.3)

0, +H* +e” > -H,0 AGY = —78.719 k] /eeq (D.4)
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“NO3 + H* +e™ > ~NO3 +H,0 AGY' = —41.649 k] /eeq (D.5)
NO; + H* +e™ = ~NO +H,0 AGY = —9.110 k] /eeq (D.6)

For each metabolism of comammaox Nitrospira, the energy produced in the catabolism (AG,.,
Eq. D.7) is determined from the half reaction reduction potentials for the eA (AG2") and eD
(AGJ"). One of the madifications involved in TEEMZ2 is the consideration that oxygenase
reactions generally require the input of energy and reducing power in the form of NADH.
This is represented by the difference between AG?'" of oxygen (-78.72 kl/eeq) and AGS' of
the NADH/NAD™ half reduction equation (30.88 kJ/eeq), which equals to —109.6 kJ/eeq
(MccCarty, 2007). In this case, 2/6 of electrons from ammonia are employed in its oxygenase
step, which means that the actual energy loss is -36.52 kJ/eeq. Thus, the energy loss in kJ
per mole of donor is included in Eq. D.7, where g is the number of times an oxygenase is

used in the complete oxidation of the respective eD.
AG, = AGY' — AGS — q - AGy, (D.7)

Half reactions for electron donor and cell synthesis are combined to produce the synthesis
reaction, referred here as Gibbs free energy for synthesis (AGg). In TEEM2, AG; is evaluated
by Eqg. D.8.

AGrq—AG
AGS = fa d

AGin—AGrq . AGpe
€ € €

(D.8)

Where AGy, is the Gibbs free energy of the half reaction for formaldehyde (46.53 kl/eeq),
AG;, is the Gibbs free energy of the half reaction of intermediate synthesis (30.9 kJ/eeq),
and AG,, is the Gibbs free energy for cell synthesis (18.8 kJ/eeq, assuming the cell relative
composition of CsH;02N and ammonia as the source for cell synthesis). m and n are two
adjustments that are set as follows: m equals 1 for C1 compounds (as CO2) and equals n for
all others; the exponent n equals +1 if m = nand (AG,;,, — AG,) > 0, otherwise it equals -1.
The overall reaction for cell growth is obtained by combining in proper proportion
(represented by A, Eq. D.9) the synthesis reaction and energy reaction, considering that only
part of the energy reaction will be employed for the synthesis of new biomass (energy-
transfer efficiency, €). Finally, the growth yield is determined from A expressed in eeq units

(represented by £, Eq. D.10) or in molar units (represented by Yy, Eq. D.11).

A=— AGS/(G  AG,) (D.9)
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&= 1/(1 +4) (D.10)

Ve = ("Plye)  f (D.11)

Where y, is the degree of reduction of electron donor (6 eeg/molnns for AO, NRMX and
An-NRMX; 2 eeq/molnoz for NO; 8 eegq/molnns for CMX) and yy is the degree of redaction
of biomass (20 eeg/molx), respectively. The energy-transfer efficiency (e) is a key factor
that needs to be assumed or calibrated to solve Eq. D.9 (McCarty, 2007). The reported
growth yield values of pure (or enriched) culture of AOB, NOB and CMX were used to
calibrate € for aerobic nitrifiers. For this, the Solver tool of Microsoft Excel (selecting GRG
Nonlinear method) was employed. The average e value found for aerobic nitrifiers (AOB,
NOB and CMX) was 0.258 £ 0.040 (n =13; see Table D.6). This € value was used to
estimate the growth yields of comammox Nitrospira metabolisms (Table 7.1; Method

section of Chapter 7).
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Supplementary Discussion. Ecological environment and dominant

substrate

In Chapter 6 was shown how the eco-interaction modulus (qu/B Eq. D.12) is able to predict

which is the most limiting substrate in microbial aggregates.

AlB _ ba_ \/(TLA'QA)/(DA.CA) (D.12)
El ¢B J(nB : QB)/ '
(Dp - CB)

Where ni is the relative abundance of the microbial population that consume the substrate i,

gi is the specific substrate uptake rate, D; is the diffusion coefficient and C; is the

A/B

concentration of substrate in bulk liquid. If ¢/~ is higher than 1.0, substrate A is the most

limiting substrate. If ¢/® is lower than 1.0, B is the most limiting substrate.

As stated in Chapter 6 (Section 6.2.2), the limiting substrate would establish the ecological
environment and control the microbial community assembly. In this study, it was assumed
that the microbial system comammox Nitrospira/anammox bacteria is shaped by four
limiting substrates: ammonia, nitrite, nitrate and oxygen. In order to predict which substrate

is the most limiting, a global eco-interaction modulus (¢4, Eq. D.13) is defined based on

the ch/B values of each pair of limiting substrates: ¢NH3/N02, Q'IH3/N03, ,2’1”3/02,

¢EIOZ/N03 ¢]1£\7102/02 and ¢N03/02.

Ys-1)
] (D.13)

[H o] | o

i#A i#A

Where S is the number of limiting substrates. As higher is ¢4;, more limiting is substrate A

compared to the others, and vice versa. For each limiting substrate:

NH3* [¢EH3/N02 v ¢NH3/NO3 % ¢NH3/02]1/ (D.14)

1
/3
l( /¢NH3/N02> EI

1/

3
N03* = I( /¢NH3/NO3> ( /¢N02/N03> 115\]103/02] (D.16)
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N RN RN N S

The transient change of global eco-interaction modulus for all limiting substrates (ammonia,
nitrite, nitrate and oxygen) are shown in Figures D.8 and D.9 (first 50 weeks and full

simulation, respectively).

The influence of reducing or withdrawing nitrite in feeding on the NO suppression is clearly
shown in the 1% row of Figure D.8. When only ammonia was fed, the dominant substrate of

the community assembly was nitrite (¢p 2"

is the highest), whereas ammonia and oxygen
was more dominant than nitrite during the first weeks of simulations in equimolar feeding
(favouring the enrichment of NO activity). Under non-equimolar feeding, nitrite and oxygen
had similar impact on the community assembly in the first few weeks (¢N02* A ¢>E ),
representing the threshold of NO suppression via nitrite feeding (with a higher relative

concentration of nitrite NO is not supressed, Figure 7.1B).

On the other hand, the positive correlation observed between oxygen concentration and
CMXI/AQ ratio (Figure D.3B) is also represented by ¢NH3* and ¢E2 values, especially in the

first weeks of ammonia feeding case. At lower oxygen levels, ¢22" is higher than ¢J""

NH3* 02*

values. Then, as higher is the oxygen concentration, ¢g, >~ starts to be higher than ¢g;
favouring CMX over AO. When equimolar and non-equimolar feeding was applied,
ammonia was more dominating than oxygen all the time (¢NH3* > ¢E2 "), but the difference
between ¢>NH3* and ¢>02* was higher as oxygen concentration was risen, increasing the

advantage of CMX over AO activity.

Among the considered limiting substrates, nitrate (with the lowest ¢ "

values, except when
this was not fed) would be the least dominant substrate, that is, nitrate was the least

influential substrate on microbial community assembly.
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Supplementary Tables

Table D.1. Key parameter values to calculate AG2L, of Nitrospira metabolic activities. Values of standard
reduction potential at pH 7 (¥;) are from eQuilibrator 3.0 (Beber et al., 2022). y; is the number of electrons

“accepted” per mole of electron acceptor.

Electron donor/acceptor Metabolisms ya (e/mole of eA)  W¥; (mV)
UQ/UQH: AO, CMX, NRMX, An-NRMX - 113
02/H0 AO, NO, CMX 4 854
NO3/NO; NO (as eD), NRMX 2 415
NO,/NO An-NRMX 1 385
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Table D.2. List of general parameters used in all simulation experiments.

Parameter Symbol Value Unit REF
Simulation domain
Domain size Ly XL, 514 x 514 pm
Cartesian grid cells N, X N, 257 x 257 grid cells
Grid cell size Ax X Ay 2X%X2 pm
Initial number of flocs Nfloc,init 12 flocs
Size of initial aggregates Minit 12 individuals
Physical parameters: diffusion
Ammonia (NHs) Dyp, 7.05-107° m?2 ht [1]
Nitrite (NO2) Dyo; 6.88 - 107° m? ht [1]
Nitrate (NO3) Dyo; 6.85-107° m?2 ht [1]
Oxygen (O2) Do, 7.56-107° m? ht [1]
Carbon dioxide (COy) Dco, 6.91-107° m?2 ht [1]
Diffusion correction term Opiff 0.7 - [2]
Physical parameters of bacteria
Density of biomass Pb 500 kg m [3]
Division radius Tmax 1 pm [4]
Inactivation radius Tmax 0.464 pm [4]
Molecular weight (CH15005No.2) MW, 24.6 g mol*! [5]
Overlap distance coefficient kDist 1.5 -
Reactor parameters
Boundary layer thickness L, 5 pm [6]
Representative volume V. 1.38-1073 m? [7]
Bulk concentration pH pH 7.0 - [7]
Temperature T 20 °C [7]
Hydraulic retention time HRT 1400 h [7]
Computational parameters
Steady-state tolerance tolgg 0.005 mol Lt h?
Diffusion tolerance tolpisr 1-1078 mol m3
Maximum bulk concentration change  A¢p,uikma. 2.0 %

(@ Hydraulic retention time calculated based on the reported reactor size of 7L, cycle times of 12 h and a cycle feed of
600 mL (van Kessel et al., 2015).
- REF legend:

[1]: (Lide, 2006)

[2]: (van den Berg et al., 2021)

[3]: (Loferer-KrdRbacher et al., 1998; Watson, 1989)

[4]: (Milo & Philips, 2015)

[5]: (Roels, 1984)

[6]: (Suarez et al., 2019)

[7]: (van Kessel et al., 2015)
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Table D.3. Summary of growth kinetics of comammox Nitrospira and anammox bacteria. Specific
maintenance rate (a) was assumed to be 10% of the maximum growht rate (Umax) (Bodegom, 2007). K  — half
saturation constant for substrate N; K;,, — inhibition constant for O,. Growth kinetic parameters are
established assuming non-kinetic competition between metabolic activities of comammox Nitrospira and
anammox bacteria, consistent with the values reported for anammox bacteria (Straka, 2019; van der Star et
al., 2008).

Mmax a KsnH3 Ksno2 Ksnos Ks,o2 Ki,02

(h™) (h) (M) (M) (M) (M) (UM)
AO 0.01 0.001 1.00 - — 3.13 —
NO 0.01 0.001 - 1.00 — 3.13 —
CMX 0.01 0.001 1.00 - - 3.13 —
NRMX 0.01 0.001 1.00 - 1.00 3.13 —
An-NRMX 0.01 0.001 1.00 1.00 - - —

AMX 0.01 0.001 0.06 1.00 - - 3.13
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Table D.4. Summary of oxygen tolerance of anammox bacteria from literature.

Value (uM) REF Comments
Upper oxygen limit (UP)

0.63 [1] Anammox activity measured based on ammonium consumption.

1.00 [2] Anammox activity measured based on ammonium consumption.

3.75 [3] Anammox activity_r_neasurgd as NN production in ®'NO2- (+}*NH,")
and ®NH,*+*NO;" incubations. From sea.

13.50 [4] Anammox activity_r_neasurgd as NN production in ®'NO2- (+*NH,")
and ®®*NH;*+*NO; incubations. (Sea)

20.00 [5] Anammox activity_r_neasurgd as NN production in ®'NO2- (+1*NH,")
and ®NH;"+*NO; incubations. From sea.

315 [6] An'an?mox activity measured based on ammonium consumption.
(Biofilm)
Anammox activity measured based on ammonium consumption.

63.00 [71  Aggregate biomass was dominated by anammox bacteria (i.e.,

scavengers of DO was less than 0.1 %)
Half-maximal activity inhibitory concentration (1Csp)

Anammox activity measured as ®N**N production in *NO,- (+*NH4*)

089 [8] and ®NH4*+*NO;" incubations. From sea.

3.40 [5] Anammox activity-r_neasure_d as NN production in ®NO.- (+**NH,")
and ®NH,*+*NO;" incubations. From sea.

8.00 [4] Anammox activity-r_neasure_d as NN production in ®NO.- (+**NH,")
and ®NH,*+*NO;" incubations. From sea.

11.10 [5] Anammox activity_r.neasure_d as NN production in ®'NO2- (+}*NH,")
and ®NH,*+*NO;" incubations. From sea.

7188 [9] Anammox act_ivity measured based on the N2 production rate. Suspended
anammox enrichment culture.

118.75 [9] Anammox activity measured based on the N, production rate. Granular

anammox enrichment.

Non-competitive oxygen inhibition constant (Ki,02)

0.313 [2] Anammox activity measured based on ammonium consumption.
Anammox activity measured based on ammonia and nitrite
0.092 [10] . y
consumption.
- REF legend:

[1]: (Seuntjens et al., 2018)

[2]: (Strous et al., 1998)

[3]: (Egli et al., 2001; Oshiki, Satoh, et al., 2016)
[4]: (Jensen et al., 2008)

[5]: (Kalvelage et al., 2011)

[6]: (Niederdorfer et al., 2021)

[7]: (Oshiki et al., 2011)

[8]: (Dalsgaard et al., 2014)

[9]: (Carvajal-Arroyo et al., 2013)

[10]: (Straka, 2019)
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Table D.5. Metabolic stoichiometries of Nitrospira metabolisms and anammox bacteria.

Compounds (M)

Process'! .
NH; NO;, NO;, 0O, CO, N, AO NO CMX NRMX AnNRMX  AMX
Growth of AO -1 Yxp 1'Yxp -1.5Yxn -1 0 1
Growth of NO -1 Yyn 1¥vp -0.5Yvn -1 1
Growth of CMX -1/'Yxp 1'Yyp 2 Yyp -1 1
Growth of NRMX -1/'Yxp 2Yxn -1/'Yxp -1/'Yxn -1 1
Growth of An-NRMX -1 _.__A.WH..U - ._.,.A.WM.U -1 1 Yyp 1
Growth of AMX -1 _.}.NH..U - ._.H.WM.U -1 1 Yyp 1
Decay of AOG) 1 -1
Decay of NO 1 -1
Decay of CMX 1 -1
Decay of NRMX 1 -1
Decay of An-NRMX 1 -1
Decay of AMX 1 -1

) Although an alternative electron donor for reduction of carbon dioxide to organic biomass precursos (anabolism) i1s needed, in this study the generation of oxidized electron

donor from anabolism was not considered, due to the margin contribution in the nitrogen pool.

@ Stoichiometries of substrate consumption and product synthesis are based on biomass growth yield per mole of electron donor (Yyn): Yyams for AO, CMX, An-NRMX,

LPEMMnHQOM for NO.

@) Stochiometries for decay have been simplified at the lowest expression.
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Table D.6. Evaluation of € value for aerobic nitrifiers (AOB, NOB, and comammox Nitrospira).

Calculated Yxen

(e =0.258)
Rﬁiig}jd REF impflie g Yo  Error®
Ammonia-oxidizing bacteria (AOB)
Nitrosomonas europaea 0.0391 [1] 0.250 0.0413 -0.06
Nitrosomonas europaea 0.0427 [2] 0.263 0.0413 0.03
Nitrite-oxidizing bacteria (NOB)
Nitrobacter winogradskyi 0.0209 [3] 0.224 0.0262 -0.25
Nitrobacter vulgaris 0.0250 [3] 0.251 0.0262 -0.05
Nitrobacter agilis 0.0257 [4] 0.255 0.0262 -0.02
Nitrobacter hamburgensis 0.0272 [3] 0.265 0.0262 0.04
Ca. Nitrotoga arctica 0.0257 [3] 0.255 0.0262 -0.02
Ca. Nitrospira defluvii 0.0106 [3] 0.152 0.0262 -1.45
Nitrospira marina 0.0243 [5] 0.255 0.0262 -0.02
Nitrospira lenta 0.0303 [3] 0.285 0.0262 0.14
Nitrospira moscoviensis 0.0308 [3] 0.288 0.0262 0.15
Nitrospira moscoviensis 0.0358 [6] 0.320 0.0262 0.27
Complete ammonia-oxidizing bacteria (comammox Nitrospira)
Nitrospira inopinata 0.0753 [7] 0.294 0.0601 0.20
Average - - 0.258 - -
Std. Dev. - - 0.040 - -
Number — - 13 — -

@ Units: molcx/molnns for AOB and CMX; molcx/molnoz for NOB.
®)Error is calculated as: Error = [(Reported Yy/ep) — (Predicted Yy,ep)]/(Reported Yy ep).
- REF legend:

[1]: (Keen & Prosser, 1987)

[2]: (Martens-Habbena et al., 2009)

[3]: (Nowka et al., 2015)

[4]: (Hunik et al., 1994)

[5]: (Watson et al., 1986)

[6]: (Ehrich et al., 1995)

[7]: (Kits et al., 2017)
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Table D.7. Statistical significance (p-value) from comparison of relative abundances of comammox
Nitrospira metabolisms and anammox across the different oxygen concentration. A) Ammonia feeding
(NH3:NO2:NOs = 500:0:0 pM).  B) Equimolar feeding (NH3:NO2:NOs = 500:500:500 pM). C) Non-
equimolar feeding (NH3:NO2:NO3; = 500:375:500 uM). Symbol legend: ns — not significant; * — p < 0.05; **
—p <0.01; ***—p < 0.001.

A) [0O7] AO NO CMX NRMX An-NRMX AMX
1.0uM / 1.5uM ** *%
1OHM / 3OU.M *kk *kk Kk
1.0pM / 93.8uM ** * *kk **
15“M / SO}J,M *kk Kk *
15“M / 938}J.M * *hk *%x *kk *
3.0uM /93.8uM * Fokk % _ _

B) [O] AO NO CMX  NRMX  An-NRMX  AMX
1.0uM / 1.5uM * * *
1.0uM / 3.0uM i Hokk Hkk * Hokok
10“M / 938“'\/' * ** *%x * * Kk
1.54M / 3.0uM x xox . N .
1.54M / 93.8M wox - N .
3.0uM /93.8uM _ _

C) [0d] AO NO CMX  NRMX  An-NRMX  AMX
1.0pM / L5pM - m =
1.0uM / 3.0uM *x * * *kk
10“M / 938“’\/' ** *% *k * Kk
1.5uM / SOHM kel * ** *kk
1.5uM / 93.8uM kil ** * *k *kk

3.0uM /93.8uM * — —
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Table D.8. Statistical significance (p-value) from comparison of relative abundances of comammox

Nitrospira metabolisms and anammox across the different N feeding regimes. A) Hypoxic environment with

1.0 uM O3. B) Hypoxic environment with 1.5 uM O,. C) Hypoxic environment with 3.0 uM O2. D) Aerobic

enviornment with 93.8 uM O,. Symbol legend: ns — not significant; * — p < 0.05; ** —

p <0.01; *** _p

< 0.001. Feeding regimes (NH3:NO2:NOsz): ammonia feeding — 500:0:0 uM; equimolar feeding —

500:500:500 pM; non-equimolar feeding — 500:375:500 pM.

A) Feeding regimes AO NO CMX NRMX An-NRMX AMX
Ammonia feeding / Equimolar feeding ** * falele
Ammonia feeding / Non-equimolar feeding faleled
Equimolar feeding / Non-equimolar feeding ** **

B) Feeding regimes AO NO CMX NRMX An-NRMX AMX
Ammonia feeding / Equimolar feeding oKk ** * *
Ammonia feeding / Non-equimolar feeding * ol *x * *x
Equimolar feeding / Non-equimolar feeding *

C) Feeding regimes AO NO CMX NRMX An-NRMX AMX
Ammonia feeding / Equimolar feeding Fho kkk L kkk - -
Ammonia feeding / Non-equimolar feeding ol - -
Equimolar feeding / Non-equimolar feeding - -

D) NH3:NO2:NOs AO NO CMX NRMX An-NRMX AMX

Ammonia feeding / Equimolar feeding
Ammonia feeding / Non-equimolar feeding
Equimolar feeding / Non-equimolar feeding

**

**

**

Table D.9. Statistical significance (p-value) from comparison of Nitrospira’s metabolism ratio represented

as In(A/B) at different nitrogen feeding regimes (NH3:NO2:NOs) and oxygen concentrations. A) Metabolic
ratios between CMX and division of labour (AO+NQO). B) Metabolic ratios between CMX and AO. Symbol

legend: ns — not significant; * — p < 0.05; ** — p < 0.01. Feeding regimes (NHz:NO,:NOsz): ammonia feeding
—500:0:0 uM; equimolar feeding — 500:500:500 uM; non-equimolar feeding — 500:375:500 M.

A) Feeding regimes 1.0pyM Oz 15uMO; 3.0uMO; 93.8 uM O
Ammonia feeding / Equimolar feeding ** Hhx **
Ammonia feeding / Non-equimolar feeding *
Equimolar feeding / Non-equimolar feeding *

B) Feeding regimes 10pyM Oz 15uMO; 3.0uMO; 93.8 uM O

Ammonia feeding / Equimolar feeding
Ammonia feeding / Non-equimolar feeding
Equimolar feeding / Non-equimolar feeding
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Table D.10. Summary of higher-order interactions (HOI) that influenced the community assembly of

comammox Nitrospira and anammaox bacteria. Continuation of Table D.10 on the next page.

Effect (1 or |)

Feeding®

Ty (p; )@ Representation

A) Multiple commensal feeding

A0 $NO tAn-NRMX

0.2627

Note: This HOI was not observed between AO, NO and AMX because
AMX is a stronger competitor for NO, than An-NRMX (1Yxmnoz2).

OAus (0.0497; 28) @
0.3368 I
- NO
UFss (0.0137, 27) O : O

B) Space collaboration — Minorities versus majorities

A0 tNO $CMX tNRMX

1A0 $NO $CMX tNRMX tAn-NRMX

0.5252
EF10 (0.0004; 23)
0.3293
F Space H
EF10 (0.0042; 20)

Note: An-NRMX was also favoured by space collaboration because
AMX is a stronger competitor for both NHsz and NO2 (1Yxn).

C) Commensal-syntrophic pool

tNO $NRMX 1An-NRMX

0.4145

OAus (0.0024; 27) O @
0.4147 y

A0 1NO tNRMX tAMX

EF
18 (0.0030; 26) Q
NO; —
0.3079 / AN

A0 1NO tNRMX 1An-NRMX

1A0 $NO tNRMX tAn-NRMX tAMX

D) Collaborative competition (NO favours division of labour)

A0 t1NO |CMX

Ofus (0.0397; 23)
0.3021
OAus (0.0435; 26) ° @
oA 0.2243 \ /
Lo (0.1439; 22) N0y
0.4485
OAus (0.0017; 25)
0.5215
OAao (0.0003; 25)
0.5636 ,
OAsas (<0.0001; 23)
7
0.3573 ’
NH
EFs0 (0.0123; 25) 202 "
- 0.4891
98 (<0.0001; 22)
0.4605
NFas (0.0010; 26) Ao,
NE 0.3606 2
30 (0.0071; 28)
0.5760
NFgss

(<0.0001; 26)

@ Feeding: OA — Only ammonia feeding; EF — Equimolar feeding; NF — Non-equimolar feeding. Subscript depicts the
concentration of oxygen in uM. @ 7, — multivariate Kendall’s t coefficient (see Appendix E); p — significance level
(p-value); n — sample size. ©® Red lines depict competition between metabolic activities.
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Effect (1 or |) Feeding® Ty (p; N)@ Representation
E) Collaborative competition (NO favours NRMX)
0.4043
OAus (0.0056; 24)
0.3173
OAso (0.0340; 23)
0.4912
OAsas (<0.0001; 25)
0.3983
EFis
0.0064; 24
TNO |CMX 1NRMX ( )
er 0.5462 _
* (<0.0001; 27) }
0.5058 _
NH
EFoss (<0.0001: 22) / NO, N 3
NE 0.3647
39 (0.0055; 29) @
0.5462
NFoe <0.0001; 24) \ -
OA 0.3433 T NOZ } P
L5 (0.0343; 20) 0, NH,
0.3078 N, o
OAao (0.0577; 20)
0.4336
OAg3s
<0.0001; 21
A0 tNO |CMX tNRMX ( )
cr 0.3142
%38 (0.0062; 20)
0.2888
NFLs (0.0480; 24)
0.4175
NFoss

(<0.0001; 22)

Note: The strong competition for O, between NO and CMX reduced the capacity of CMX to compete for

NH; against AO and NRMX.

(@ Feeding: OA — Only ammonia feeding; EF — Equimolar feeding; NF — Non-equimolar feeding. Subscript depicts the
concentration of oxygen in uM. @ 7, — multivariate Kendall’s t coefficient (see Appendix E); p — significance level

(p-value); n — sample size. @ Red lines depict competition between metabolic activities.
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Table D.11. Statistical significance (p-value) from comparison of relative abundances of comammox

Nitrospira metabolisms and AMX across the different oxygen concentration. Assuming nitrite affinity of
comammox Nitrospira equal to A) 1.0 uM of NOz, B) 12.5 uM of NO, and C) 449.2 uM of NOz. Symbol

legend: ns — not significant; * — p < 0.05; ** —p < 0.01; *** —p < 0.001.

A)

B)

C)

[O2]

AO

NO

CMX

NRMX

An-NRMX

AMX

1.0uM / 1.5uM
1.0pM / 3.0uM
1.54M / 3.0uM

**

**

*k*k

*

*

**

*k*k

*k*k

[O2]

AO

NO

CMX

NRMX

An-NRMX

AMX

1.0pM / 1.5uM
1.0pM / 3.0uM
1.5uM / 3.0uM

**

**

**

**

*k*k

*k*k

[O2]

AO

NO

CMX

NRMX

An-NRMX

AMX

1.0uM / 1.5pM
1.0pM / 3.0uM
1.54M / 3.0uM

**

**

Table D.12. Statistical significance (p-value) from comparison of relative abundances of comammox

Nitrospira metabolisms and AMX across the different nitrite affinities of comammox Nitrospira. A) Hypoxic

environment with 1.0 uM O.. B) Hypoxic environment with 1.5 pM O,. C) Hypoxic environment with 3.0 uM

0. Symbol legend: ns — not significant; * — p < 0.05; ** —p < 0.01; *** —p < 0.001.

A) Nitrite affinity of Nitrospira (Knoz)

B)

C)

AO

NO

CMX

NRMX

An-NRMX

AMX

1.0 uM NO; /12.5 uM NO2
1.0 uM NO; / 449.2 uM NO»
12.5 uM NO; / 449.2 uM NO2

*kk

*

*%

**

*

*

*%*

**

Nitrite affinity of Nitrospira (Kno2)

AO

NO

CMX

NRMX

An-NRMX

AMX

1.0 uM NO7 / 12.5 uM NO
1.0 uM NO; / 449.2 uM NOy
12.5 uM NO; / 449.2 uM NO,

**x

**

*%*

*k*k

*k*%

**

Nitrite affinity of Nitrospira (Kno2)

AO

NO

CMX

NRMX

An-NRMX

AMX

1.0 uM NO7 / 12.5 uM NO
1.0 uM NO; / 449.2 uM NOy
12.5 uM NO; / 449.2 uM NO,

*k%

*k*k

**

*%*
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Supplementary Figures
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Figure D.1. Apparent substrate affinity (Kmepp)) for ammonia (panel A) and nitrite (panel B) of comammox
Nitrospira and anammox bacteria. Colour legend: light blue — comammox Nitrospira; orange — anammox
bacteria. References of substrate affinities for: comammox Nitrospira — (Kits et al., 2017; Sakoula et al., 2021);
anammox bacteria — (Ni et al., 2009; Oshiki et al., 2011; Puyol et al., 2013; Straka, 2019; Strous, Kuenen, et
al., 1999; van der Star et al., 2008).
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A)  Ammoniafeeding B) Equimolar feeding C) Non-equimolar feeding
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Figure D.2. Additional floc images of comammox Nitrospira and anammox bacteria community from
simulations at different nitrogen feeding regimes and oxygen concentrations (1.0, 1.5, 3.0, 93.8 uM).
Ammonia feeding (NH3:NO2:NO3z; = 500:0:0 uM). B) Equimolar feeding (NH3:NO,:NOz = 500:500:500 pM).
C) Non-equimolar feeding (NH3:NO2:NOs; = 500:375:500 pM). Black circles represent inactive individuals.
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Figure D.3. Metabolic ratios of Nitrospira (AO, NO and CMX) represented as In(A/B) at different nitrogen
feeding regimes (NH3:NO2:NOs ratio) and oxygen concentrations. A) Metabolic ratios between CMX and
division of labour (AO+NO). B) Metabolic ratios between CMX and AO. Error bars show standard deviation
of n=3 simulation replicates. Feeding regimes — ammonia feeding: 500:0:0 uM; equimolar feeding:
500:500:500 uM; non-equimolar feeding: 500:375:500 uM. The statistical significance between the different

nitrogen feeding regimes is shown in Table D.9.
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Non-equimolar feeding
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Figure D.4. Ecological analysis at floc level under conditions where only comammox Nitrospira remained
active (3.0 and 93.8 uM of Oz). Ammonia feeding (NH3:NO2:NO3z = 500:0:0 pM, left panels), equimolar
feeding (NH3:NO2:NO3; = 500:500:500 pM, centre panels), and non-equimolar feeding (NH3:NO2:NO; =
500:375:500 uM, right panels). The correlation coefficients of metabolisms are presented on a colour scale.

Dotted cells indicate statistically significant correlation (= : p < 0.05; == : p < 0.01; === : p < 0.001). Cross

symbol (x) indicates no co-existence of the metabolic pair at the end of the simulation experiments. Bottom-

right labels indicate the ecological interaction of metabolic pair: CC — Commensalism + Competition; SC —

Syntrophism + Competition; C — Competition. Sample sizes employed for Kendall’s t calculation are shown

in Figure D.5.
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Ammonia feeding Equimolar feeding Non-equimolar feeding
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Figure D.5. Sample sizes employed for Kendall’s coefficient calculation. Different nitrogen feeding regime
was applied: ammonia feeding (left panels, NH3:NO,:NO3z = 500:0:0 pM), equimolar feeding (centre panels,
NH3:NO2:NO3; = 500:500:500 puM), and non-equimolar feeding (right panels, NH3:NO,:NO3; = 500:375:500

UM,). Total replicates: 36 in all conditions.
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Figure D.6. Influence of nitrate concentration in influent to anaerobic oxidation performance (ammonia
and nitrite oxidation to N2) expressed as percentage. Data labels depict the relative abundance of anaerobic
activities (An-NRMX and AMX). Feeding regimes: non-equimolar feeding — 500:375:500 uM; non-equimolar
feeding without NO3z —500:375:0 pM. Error bars show standard deviation of n =3 simulation replicates.
Asterisks denote p-value significance where *, p <0.05. For more information about the calculus of the
anaerobic oxidation performance (see Methods of Chapter 7 — Parameters for the quantification of nitrogen

removal).
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A) Ammonia feeding (100 pM)
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C) Ammonia feeding (1000 pM)
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Figure D.7. Influence of ammonia concentration to the transient accumulation of nitrite at 93.8 uM of O..
Three ammonia concentrations were tested. Full simulation (5.0 years): 100 uM of NH3 (panels A), 500 pM
of NH3 (panels B), and 1000 uM of NHs (panels C). Left panels show the dynamics of nitrogen compounds
(NHs, NO2 and NO3) at the early stages of simulation. Right panels show the evolution of relative abundances
of comammox Nitrospira and anammox. Error bars show standard deviation of n = 3 simulation replicates. If
not visible, error bars are smaller than symbols.
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A)  Ammonia feeding B) Equimolar feeding C) Non-equimolar feeding
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Figure D.8. Analysis of ecological environment and dominant substrates (global eco-interaction modulus,
¢g). First 50 weeks are shown (full simulation in Fig. D.9). Feeding regimes: only ammonia feeding
(NH3:NO2:NO3; = 500:0:0 uM, left panels), equimolar feeding (NH3:NO2:NOs; = 500:500:500 uM, centre
panels), and non-equimolar feeding (NH3:NO2:NOs; = 500:375:500 uM, right panels). Error bars show

standard deviation of n = 3 simulation replicates. If not visible, error bars are smaller than line weight.
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A)  Ammonia feeding B) Equimolar feeding C) Non-equimolar feeding
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Figure D.9. Analysis of ecological environment and dominant substrates (global eco-interaction modulus,
@) Full simulation (5.0 years). Feeding regimes: only ammonia feeding (NH3:NO2:NO3z = 500:0:0 pM, left
panels), equimolar feeding (NH3:NO2:NOs; = 500:500:500 uM, centre panels), and non-equimolar feeding
(NH3:NO2:NO3 = 500:375:500 pM, right panels). Error bars show standard deviation of n = 3 simulation

replicates. If not visible, error bars are smaller than line weight.
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Appendix E - Multivariate
Kendall’s Tau (Tau-N)

Multivariate correlation analysis would play an important role in ecology for the
quantification and interpretation of interactions between more than two species (known as
higher-order interactions) (Ludington, 2022). Among the existing correlations analyses for
two variables, Kendall’s T correlation (Kendall, 1938) is of special interest because (i) is
based on either being distribution-free or having a specified distribution but without specific
parameters (i.e., a non-parametric measure), (ii) the simplicity of its methodology and (iii)
the property of t to be close to a normality distribution even for low number of observations

(n). For two observed variables (X and Y), the Kendall’s t correlation is defined as

(number of concordant pairs) — (number of discordant pairs)

te (number of pairs) '
Here, a novel multivariate generalization of Kendall’s t coefficient is proposed to describe
the association between more than two variables (multiple variables, N > 2). The proposed
method can be used to state which tendency follows a set of multiple joint variables, allowing
to describe complex data trends as, for example, the mentioned higher-order interactions.
Although in this methodology has been developed from Kendall (1938) work,
concordance/discordance concept has not been utilized to describe the correlation between
the variables. This is because the loss of information that lies in discordance concept when
more than two observed variables are considered. Instead, this methodology has been built
up based on the concept of paired orthants. Because of this, the formulation of conventional
Kendall’s 7 (i.e., the non-parametric correlation between two variables based on the concept

of concordance/discordance; Kendall, 1938) has been also revised.
Limitations of the discordance concept for multiple variables

The intuitive way to define the concordance and discordance concepts is this: two random
variables (X and Y) are concordant when large (small) values of X go with large (small)
values of Y, whereas these two are discordant when large values of X go with small values

of Y or vice versa.
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Let (x4, 1), -.., (x5, y») be a set of observations of the joint random variables X and Y, such
that all the values of (x;) and (y;) are unique. If a reference point is fixed ((x;,y;) € R?), it
is possible to determine four subsets of R? (quadrants, Q):

Q(x, ) = {(x5,y;) € R%:x} < x, 57 <y}

QuCx, ¥ = {(x,y;) € R%:x; > x;, 5 <y}

QuCx, y)) = {(x,y;) € R%:x{ > x;, 57 > y;}

Qi y)) = {(x,y;) € R%:x{ < x;,5] > ;)
Definition 1. Let (x;,y/,...,k;) the reference point of a set of observations of K joint
random variables (X, Y, ..., K). An orthant in N-dimensions is considered the intersection of

mutually orthogonal half-spaces through the reference point. An orthant in 2-dimensions is

a quadrant (@), in 3-dimensions an octant (0), and for more than three a hyperoctant (nH).

Note that in quadrant Q; (Qy;) large (small) values of X go with large (small) values of Y —
definition of concordance; and in quadrant Qy; (Qyy) small (large) values of X go with large
(small) values of Y — definition of discordance (Figure E.1).

Y
r 3
Qur . 0 . Q1
o o © o
o e o
o ° ° °
o
o o
Discordant ° © o ° o
0% o o
o % 0
Concordant o 0 o o (xi,¥i)
o %90 o o ©°
o
° 6o © ©
o o
o o
o% , o
Qi Qv
> X

Figure E.1. Visual representation of concordance and discordance for two joint variables (X and Y). All

points in the grey area are concordant, and all points in the white area are discordant with respect to (x*,yi*).

Definition 2. Let H and H' two independent set of observations. H is more concordant than
H'if, for all (x,y) € R?,

Pr{(x,y) € [Q1(x,y) V Qui(x,y)] | H} > Pr{(x,y) € [Q:(x,y) V Qui(x, y)] | H'}

or H is less discordant than H' if, for all (x,y) € R?,

Pr{(x,y) € [Qu(x,y) V Qiv(x,y)] | H} < Pr{(x,y) € [Qu(x,y) V Qv (x,y)] | H'}.
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Existing non-parametric rank correlation analysis, such as Kendall’s T (Kendall, 1938) or
Spearman’s p (Spearman, 1904), are based on the evaluation of the probability of
concordance and discordance. For this reason, these are known as measures of concordance,
satisfying the set of axioms propose by Scarsini (Scarsini, 1984). Considering Scarsini’s

axioms, the following result is immediate for a pair of random variables:
Preposition 1. A pair of observations, (x;,y;) and (x;,y;), are concordant if have the

property sgn(x; — x;) = sgn(y; — y;) and these are discordant if satisfy the condition

sgn(x; — x;) = —sgn(y; — y;) (or sgn(x; — x;) # sgn(y; — y;). sgn(x) is the signum
function of y (Eq. E.1):

-1 if <0,
sgn(y) =40 ifx=0, (E.1)
1 ifx>0.

Now the ordinary statement of concordance and discordance is defined for three variables
(X, Y and Z), the maximum set in which can be clearly represented with the Cartesian

coordinate system. Let (xq,V1,21), ..., (X, Yn,Z,) be a set of observations of the joint
random variables X, Y and Z, such that all the values of (x;), (v;) and (z;) are unique. If a

reference point (x;,v;,z;) € R3 is fixed, it is possible to determine eight subsets of R3
(octants, 0):

O(x},y,z)) = {(xj,yj, Zj) € R3:x; <x,y; <z < Z]-}
On(xi,yi,z[) = {(xj, yj,zj) € R3:x; <x,y; <yjzf > Zj}
Om(xi,vi,z0) ={(x,v,,z) € R%:x] > x;,9] <y} 2} >z}
Ow(x;,yi,z)) = {(%,y,,2) € R®:x] > x;,y{ <),z <z}
Ov(xi,y!,2)) = {(x,y;,2;) € R®:x] < x5 > y;,2] <z}
Oni(xi,yi,z) = {(x,5.2) € R®:x{ < x5 > y;.2] > 7}
Ow(xi, v 2z) = {(x, 9. 2) € R®:x > x5 >y, 70 > 7}
Ovin(xi,vi,z0) = {(x;, v, 2;) € R®:x{ > x;, 57 > y;, 2 < z;}

Note that on the octant O; (Oyyy) large (small) values of X go with large (small) values of Y
and Z — definition of concordance; whereas on the octant Oy; (Ovyyy) large (small) values of
X go with large (small) values of Y and small (large) values of Z, octant Oy (Oy) small

(large) values of X go with large (small) values of Y and small (large) values of Z, and octant
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Orv (Oy;) small (large) values of X go with large (small) values of Y and large (small) values
of Z — all of them do not follow the concordance definition and, therefore, would be

interpreted as definitions of discordance (Figure E.2)
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Figure E.2. Representation of concordance and discordance for three joint variables (X, Y, Z). All points in

grey region are concordant, and all points in white region are discordant with respect to (xi*,yi*,zi*).

Then, for any pair of observations (x;,y;, ..., k;) and (x;,y;, ..., k;) from a set of K variables

(X,Y,Z,...,K), the following result is direct:

Preposition 2. A pair of observations, each with K variables, (x;y;, ...,k;) and
(x5, j, .-, k;) are concordant if sgn(x; — x;) = sgn(y; — ;) = -+ = sgn(k; — k;). Contrary,
they are discordant if (at least) one non-equal is found between the pair of observation (i.e.,
= sgn(zj - Zl-) * sgn(cj - cl-) =)

The binary nature of concordance/discordance condition (i.e., if dataset is not concordant
then is discordant and vice versa) implies a loss of information in discordance definition

when more than two observed variables are considered (H(x,y, ...,k) € R¥, N > 2). For

example, in the set of three observed variables (H(x, v, z) € R3), these situations
large (small) values of X go with large (small) values of Y and small (large) values of Z,
small (large) values of X go with large (small) values of Y and small (large) values of Z,
small (large) values of X go with large (small) values of Y and large (small) values of Z,

are not the same, although all of them would be considered discordant situations. Each

situation is differentiable to the others, having its own data trend.



Appendix E | 211
Definition of paired orthants and individual data trend coefficients

The orthants of a N-dimension (RM) can be associated to a set of signs ([+]). Let
(x;,y{, ..., ki) the reference point of a set of observations of the joint random variables
(X,Y,...,K). The associated symbols of each orthant is set based on the difference between
the dataset (x;, y;, ..., k;) and the reference point (i.e., Akj; = k; — k;). For example, for a

set H(x, y) € R?, the associated signs for each quadrant (Q) are:
Oi(xt,y) = {(xj,yj) € R*: Axj; > 0,Ay}; > 0} = [+, 4]
Qu(xi, ¥ = {(%,7;) € R®: Axj; < 0,Ay); > 0} = [—,+]
Quix{,yi) = {(xj'yj) € RZiAXfi <0,4y; < 0} =[- -]
Qw(xi,y) = {(xj,y]-) € R*: Axj; > 0,Ay}; < 0} = [+ -]
and the associated signs for each octant (0) are:
0:(xf,vi,z0) = {(x), ), 2) € R®: Axj; > 0,Ay}; > 0,Az); > 0} = [+, +, +]
On(xl,yiz0) = {(x), ¥}, 7)) € R®: Axj; > 0,Ay}; > 0,Az; < 0} = [+, +, —]
Om(x;, i z}) = {(x,y, 7)) € R%:Axj; < 0,Ay}; > 0,Az); < 0} = [—, +, ]
Ow(x;, ¥, z]) = {(xj,y]-,zj) € ]R3:ij*l- <0,Ayj; > 0,Az; > 0} =[—+,+]
Oy(x{,yi,z{) = {(x]-,y]-,zj) € ]R3:ij*i > 0,Ay; <0,Az; > 0} =[+,— 4]
Ovi(xt, i, 20) = {(x),),7;) € R®: Axj; > 0,Ay}; < 0,Az); < 0} = [+,—, —]
Ovu(x},yi, 2z)) = {(x]-,y]-,zj) € R3: Axj; < 0,Ay}; < 0,Az); < 0} =[-,— -]
Ovin (xf, i, z)) = {(x]-,y]-,zj) € R3: Axj; < 0,Ay;; < 0,Az]; > 0} =[-,— +]

The orthants determined for R? (quadrants, Q) and R3 (octants, 0) can be paired based on

their associated signs (pairing these through the equality: Oh, = —Ohg). For an observation
with two joint variables (H(x, y) € R?), the definition of paired quadrants (Q, @ Qp) are:
Q(x,y) = 2Quxi,y) =+, +]=-[- -] = @ 0O Qu
Qux{,y) = ~Qux{,¥) =[-+] ==+ -] = Q@ Qv

where Q; @ Qy;; and Qy; @ Qv would correspond to the concordance and discordance

definition for a set H(x, y) € R?, respectively (Figure E.1).
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For an observation with three joint variables (H(x,y, z) € R3), the definition of paired
octants (0, @ 0Op) are:

O0:1(x{,yi,2;) = =Quu(x{,yi,2z;) = [+, +,+] = =[-,——] = 0, @ Oyy
Ou(x,y,2{) = 2Quuu(x{, ¥, 2)) = [+, + =] = =[-— +] = 0y @ Oy
Om(xi,yi,2;) = =Qv(x,yi,2z)) = [—+ -] ==+, —+] = 0 @ Oy
Ow(x;,¥i,27) = 2Quilx{,yi,2z)) = [-+,+] = =[+,— -] = O @ Oy,
where 0; @ Oyy; Would correspond to the concordance definition for a set H(x, y, z) € R3.

Then, for any observation with K joint variables (H(x, y, ..., k) € RY), the following result

is immediate:

Preposition 3. A couple of orthants (Oh, and Ohg) of a given reference point (x;, y;, ..., k;)
are paired if and only if satisfies the property Oh,(x;,y;, ..., k{) = =0hg(x{, y{, ..., k7).
For any number of joint variables (N), the total of paired orthants (Oh, @ Ohg) is

equivalent to 2V /2.

The set of symbols associated to each paired orthants ([+, &, ..., +] = =[+,F, ..., F]) is
what defines the data trend. A straightforward way to evaluate the correlation between two
variables is through probabilities (Kendall, 1938). Then, the data trend for a set of
observations from H(x, ..., k) € RY can be stated as the probability of a dataset to reside on
the paired orthants. For example, the probabilities of a set H(x, y) € R? to reside in one of

the paired quadrants (Q, @ Qp), and the respective data trends ([+, ] @ [+, +]) are:
nd =0t =pr{(x,y) € [Q () V Qe 1IN} = Pr{(x,y) = [[+ +] v [, =]] | H}

nd! = nf;H = Pr{Cx,y) € [Q(x,y) v Quw (x, )IIH} = Pr{(x,y) > [ +] v [+ 1] | H}

Foraset H(x,y, z) € R, the probabilities to reside on the paired octants (0, @ 0Og) and the

respective data trends ([+, +, +] @ [F, F, F]) are:

HOI = n{:’:’i—]] = Pr{(x'yr Z) € [Ol(xr }’:Z) \ 0V11(x:y; Z)] | H} = Pr{(x' va) - [[+! +, +] \% [_v ™ _]] | H}

Ovir

HO” = H{t:t:;]] = Pr{(x'y! Z) € [Oll(xryl Z) \ OVIII(x'yl Z)] | H} = Pr{(xryrz) i [[+r +: _] \ [_r ) +]] | H}

Ovin

nom =t = Pr{(x,y,2) € [01(x,y,2) v 0y (x,y,2)] | H} = Pr{(x,,2) = [[—,+ =] V [+, —, +]] | H}

o = i+ = Pr{(x,y,2) € [0 (6,7, 2) V 04y (v, 2)] | H} = Pr{(x,7,2) = [[— +,+] V [+, —,—1] | H}

Oy

Then, any individual data trend coefficient (6[[;—’]]) can be defined as
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| _ (#of pairs in Ohy @ Ohgp) _ (# of pairs following [£]) + (# of pairs following [¥])
] (2) ) (2)
2 2

21 is the binomial coefficient for the number of ways to choose two items

where (2)

from n observations. The 6 [+]

value lies between 0 and 1 inclusive, taking 1 if and only if
all the probability mass lies on one of the paired orthants (Oh, @ Ohg), that is, the dataset
follows certain data trend entirely ([+] @ [F]). The value of 0 states the null probability of
following the respective data trend ([+] @ [+]) of the coefficient 6[[%]]. If observed variables
are independent, then all 6[[;—’]] coefficients are equal to 2/2" (where N is the number of joint

variables). The value of 2/2" is referred here as the reliable point (rp).

Recalling the definition of the associated signs (Ak;; = k; — k;) and data trends ([+] @ [F]),

the explicit expression of the individual data trend coefficients for H(x,y) € R? (5[[%%]])

are:
[+4] z
= T > ([ > 0 A 8y > 0] v [Axy; < 0 A Ay, < 0])
Jj>i
[-+] 2
S =D > ([0 < 0 A8y > 0] v [Ax; > 0 A 8y < 0]),
Jj>i
and for H(x, v, z) € R3, the explicit expression of 6 ————— ] coefficients are:
[+44] 2
s = ey Z([Axﬂ > 0 AAy; > 0AAz; > 0]V [Ax; <0 AAy; < 0AAz; <0])
Jj>i
5[++ _ 2
[-—-+] = m ([Axﬂ > OAAy]l > OAAZjl‘ < O] \ [Ain < OAAy]L < OAAZji > 0])
Jj>i
[~+-] 2
5[+:—:+] = m . Z([Axﬂ < 0 /\Ay]l. > 0 AAZji < 0] \ [Ain > 0 AAy]l. < 0 /\AZ]',: > 0])
Jj>i
[ ++] 2

Jj>i

Then, for any observation with K joint variables (H(x,y,...,k) € RV), the explicit

expressions for any 5[]:1 :{ coefficient is:

5[;;;.._.:;1 b — Z([Axﬂ Z0AAY; Z0A .. AAk; 2 0]V [Ax; S OAAY; SOA .. AAK; S 0])

Jj>i

where a reduced form of this expression would be:
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E ,’......,’i]] - (n — 1) Z /\[AC]l = 0 /\[AC]l § 0]) ,AC]',: = (iji!iji! ,Akﬂ) (E. 2)

>

HiF

Hit
F

The multivariate Kendall’s t. Definition of global data trend coefficients

The 6[[%] coefficients presented above correspond to the individual probability of each
possible data trend. However, it would be more convenient to express these in terms of

global probability (global data trend coefficients, r[+]) For two observed variables, only

one r[[ T coefficient is sufficient to describe all possible data trends, corresponding to the

conventional Kendall’s T coefficient (Kendall, 1938):
— sl++] [+-]
When more than two observed variables are considered (X, Y, ..., K), a total of 2V /2

(corresponding to the number of paired orthants) t ; coefficients are necessary to describe

1]

all possible data trends (r =l S r[
[+ Ty

T[+] ). In order to estimate any © Jir—’ coefficient (e.g.,

% ) first it is computed the differences between the individual data trend coefficient & %
and the others individual coefficients (6;—r 6[%]d). Then, a modified geometric mean
J

(able to consider both positive and negative values) is applied to the calculated differences
(de la Cruz & Kreft, 2018):

Where q; is the difference between the individual data trend coefficients, and nc the number

of comparisons between the individual data trends coefficients (2V/2 — 1).

Considering a set of observation with three joint variables (H(x,y,z) € R3), the global

probabilities of their data trends (r 555 ) are evaluated by:

5[+++] 5[++

[--— [=—+]

1+ (s — ol "t

[+,+,-] [+,+,+]
8= ~ O

1+ (8" -

_“‘
A
I
1
w
%
Uy
+

+- + [-—+]

(s PREAC )
( )i+ ( =)
T = 3J{1+(6+-*+f oI} (2 - 822}
(825 = a2+ (o i)

1+ (o2 =t
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For any number of joint variables (H(x,y, ..., k) € RY), the general expression for r[[%]
coefficients correspond to:

2N -1
A = s+ (61 — st (=) -1 (E.4)
¢ j#i [ 7; [i]j ’
The r coeff|CIent lies between —1 and 1 inclusive, taking 1 if and only if all the probability
mass lies on the specific data trend ([+] @ [F]). The value of —1 states the null probability
of the dataset to follow this specific trend, following another data trend entirely. If observed

variables are independent, then all r coeff|C|ents areequal to 0. All 6 7] I coefficients above

[£]

the rp will have a positive 7z coefficient, whereas those 6 coefficients below the rp will

|_4,_,

have a negative r[ I coefficient. The JFs [+] coefficients equal to rp will have a r[[j—r—’]] equal 0.

! coefficients

Sampling distribution and statistical hypothesis for t%g]

To measure the significance of an observed data trend, it is necessary to know whether the
value could have arisen by chance from a universe in which all the possible rankings of n
objects occur an equal number of times. It is, therefore, necessary to consider the distribution
of trends in such universe. The distribution of 7 tends to normality for large number of
observations and surprisingly close to normality even for low number of observations. The

fact that t tends to normality even for low number of observations was proved by Kendall
(1938).

Then, the distribution of r% (in which all existing data trends would also occur with the
same frequency) also converges towards a normal distribution with a mean of 0 and a

variance equal to:

,  2(2n+5)
T 9n(n-1)

Where n is the number of observations. Therefore, the null hypothesis test can be performed

by transforming 5 into statistic Z, as:

T _ 1

— +

Ly = or 2(2n+5) (E-5)
In(n—-1)

Thus, to test whether a set of variables significantly follows a certain trend, one computes

Z, and finds the cumulative probability for a standard normal distribution at —|Z,|.
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Algorithm

Now, the algorithm for the direct estimation of all r[[}—f]] coefficients (i=1, ..., 2V /2, being
l

N the number of joint variables) is described in the following steps.

Step 1. Obtention of all data trends ([£] @ [+]) associated to paired orthant (Oh, @ Ohg).
First the permutation with repetition of the positive (+) and negative (=) signs is

performed, and then the permutation results are pared based on [+] = —[F].

Step 2. Calculation of all individual data trend coefficient (5{3]) with the Eq. E.2. The direct

computation of the summation ¥ ;;(...) involves two nested iterations:

f = 0;
for j = 2:n
for 1 = 1:3-1
diff = dataset(j,:) - dataset(i,:);
f =f + or(eg(sym up, gt(diff, 0)), eg(sym down, gt(diff, 0)));
end
end

Where n is the number of observations, sym up is the set of [+], sym up is the set
of [+], gt (A, B) determines if ‘A is greater than B’, and eq (A, B) determines

if ‘A and B are equal’.

Step 3. Calculation of global data trend coefficients (r[[j—f]]) with Eg. E.3 for N = 2, and
Eg. E.4 for N > 2.

Step 4. Statistical analysis with the Eg. E.5 and the normal cumulative distribution function.
MATLAB has an in-build function to find the cumulative probability for a standard

normal distribution: normcdf(). To obtain the p-value for a 2-sided test, the number

from the normal cumulative distribution function is multiplied by two.
p = 2 xnormcdf (—|Z,]).

The source code to produce the results presented below is available on a public GitHub

repository at https://github.com/soundslikealloy/multivarcorr.

Examples

Examples of applying multivariate Kendall’s t analysis (t-N) to different sets of joint

variables have been included: two and three variables on Table E.1 (H(S1,52) € R? and


https://github.com/soundslikealloy/multivarcorr
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H(51,52,53) € R3, respectively), four variables on Table E.2 (H(51,52,53,54) € R*%),
five joint variables on Table E.3 (H(S1,52,53,54,55) € R%), and six joint variables on

Table E.4 (H(S1,S52, 53, S4, S5, S6) € RS).

Table E.1. Examples of data trend measurement (zy) for H(S1,52) € R? and H(51,52,53) € R3.

N (rp) Series (n = 12) 6 [0, 1] Ty [—1, 1] p
[+ +
: 8% =1.0000
-4,9,0, 4,9, 14, 15, 10,17, 19, 24, 6[]:0,0000
[++] _
: 8+ =0.0000
51: 1,3,9,7,15,13,21,23,5,11, 17, 19 [[ +]] 10000 00001
2 $2:23,21,15,17,9,11,3,1,19,13,7,5 5741 = 1.0000
[++] _
0.5000 : 8% =0.9091
( ) 31: 1,3,5,7,9,11, 13, 15,17, 19, 21, 23 ] o= osle 0.0002
$2:1,5,9,11,6, 13, 17, 12, 22, 20, 25, 23 5141 = 0.0909
S1:5,8,9,16,12,1,14,3,15,21,13, 1 511 = 0.4918
S2:7,15, 3, 20, 24, 23, 24, 20, 21, 5, 23, 15 [ o 7=-0.0164 0.9409
*100% random distribution 67,7 =0.5082
5[[_’“ =1.0000 t"**'= 10000 <0.0001
S1:1,3,5,7,9,11, 13, 15,17, 19, 21, 23 5[+ 41 =0.0000 T[[;:ff] =_-1.0000 <0.0001
$2:1,3,5,7,9,11,13,15,17,19, 21, 23 e o
$3:1,3,5,7,9,11,13,15,17, 19,21, 23 87 *1=00000 7t *=-10000 <0.0001
[=—+] = [-- +] -
8,4~} =0.0000 7,77 =—1.0000 <0.0001
5[[f‘f’f]] =0.000 r[[f'f'f]] =_-10000 <0.0001
S1:1,3,5,7,9,11,13,15,17,19, 21, 23 siz*=0000 o7t =—10000 <0.0001
S2:23,21,19,17,15,13,11,9,7,5,3, 1 . o
$3:1,3,5,7,9,11,13,15,17,19, 21,23 o y=1000 7= 10000 <0.0001
[-—-+] = [-=+] =
8,4~} =0.0000 7,77 =—1.0000 <0.0001
sitt*=00000 [ttt =—-10000 <0.0001
3 S1:1,3,5,7,9,11, 13, 15,17, 19, 21, 23 5[[:j+]] =1.0000 T[[;'j'j]] = 1.0000 <0.0001
S2:23,21,19,17,15,13,11,9,7,5,3, 1 o o
(0.2500) $3:23,21,19,17,15,13,11,9,7,5,3,1 61 =00000 7t =-10000 <0.0001
[=—+] = [-- +] _
84 =00000 77t =—1.0000 <0.0001
sittHl=o11 ottt =—03502 01610
S1:23,12,19,12,9,5,3,1,20,7, 12, 17 stotl=00000 = —os378  0.0192
S$2:2,13,5,10, 15, 4, 20, 23, 3,17, 11, 8 . o
§3:22,11,19,15,4,8,3,1,21,6, 13,17 8§17 =0.8889 r[_'+'_] = 08511  0.0002
[+ — [~
s =00000 tf;t=-05378 00192
sirtl=02419  7[tT*=-00130  0.9530
S$1:19,8,6,16,7,9,13, 4,14, 10, 11, 22 Ca] sl
S$2:1,4,4,7,13,5,20,12,17,23,23,19 O~ 702742 7, ;= 00302 08915
$3:16,22,1,2,22,23,11,9, 2,20, 10,5 stl=01613 ot =—01189 05905
*100% random distribution "
sl =03226 <7t = 00958 0.6647

Ut =
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Table E.2. Examples of data trend measurement () for H(51,52,53,54) € R*.

N (rp) Series (n=12) 6 [0, 1] Ty [—1, 1] p
sirrr=00000 7ttt =-10000 <0.0001
it =00000  rfF*H =—1.0000 <0.0001

S1:23,21,19,17, 15,13, 11,9, 7,5, 3, 1 sttt =00000  rft7t*=—10000 <0.0001

S2:23,21,19,17,15,13,11,9,7,5,3,1 sl =00000 77t =—-1.0000 <0.0001

$3:1,3,5,7,9, 11, 13, 15, 17, 19, 21, 23 st 10000 f**7= 10000 <0.0001

$4:23,21,19,17,15,13,11,9,7,5,3, 1 5o 0000 ot~ o000 <0001

sttt =00000 ot = —1.0000 <0.0001

sl =00000 77 =-1.0000 <0.0001

sirtrtl=01905 gttt = 00712 07473

st =00635  rfl Tt =—00745  0.7361

S1:12,3,6,11,10,9,21, 22, 4,7,23, 4 5[[+ #M201420 o= 00163 09413
$2:15,13,1,9,19,5,9,11,8, 23,18, 9 it il

4 $3:10,1,2,14,18,11,12,16,7,5,13,6 (riem) = 00035 T = 00745 07361

(0.1250)  s4:6,10, 17, 4, 18, 5, 22, 13, 15, 14, 2, 11 st =004 ottt = 00025 06755

*100% random distribution sititl=01420  ffitit = 00163 09413

siiit=00476 1t =—-00025 06755

sl =03016 7777 = 02008 0.3639

sirr*t=00000  rfrT*H=-02034 03573

shorrt=01818  f7FH = 00197 09291

$1:1,3,5,7,9,11, 13, 15,17, 19, 21, 23 5[[+ ++l]=0'0303 7lll = 01657 04533

$2:23, 21,22, 17, 16, 13, 15,9, 4, 5, 3, 2 sl =00152 o7t =-01845  0.4037

$3:1,6,5,7,9,25,13,2,17, 22,11, 23 srrozoots2 ot = _o1sas 04037

$4: 20,23, 19,17, 15,9, 11, 10,7, 6,3, 5 st o7y o= oge2 00019

5““ =002 ot =-01845 04037

soy=00152 ol o7t =-01845 04037
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Table E.3. Examples of data trend measurement (ty) for H(S1,52,53,54,55) € R5.

N (rp) Series (n =12) 5[0, 1] Ty [-1, 1] p
sirtrrtl=00455 o[t =_00194 09299
ST =00000 Tttt = 00679 0.7587
sitrt=00009 ot = 00201 0.8952
sl =00000 oyt = 00679 0.7587
sttt =00606  rtt ot =-00033 09882
siotort=01212 o7 = 00616 07806
S1:22,14,12,7,21,11,9, 23,17, 6, 18, 20
§2:9,2,18,10,16,21,7,4,17,22,19,14  Olwren) 704212 71771 = 00616 07806
$3:16,21,15,5,18,13,20,7,17,2,19,9 8774 =00758 1[0t = 00129 09534
S4:6,16, 15,8, 5,17, 10, 12,3, 11, 4, 18 sl 200000 ot = 00679 07587
5:8,2,22,19,15,11,3,23,14,7.16. 21 s sogrss ot 00120 09534
*100% random distribution
sirrtl=0136a o[t = 00778 07248
st =00000  ofptt = -00679 07587
sittiotl=01364  othUTt = 00778 07248
st =00758 o= 00120 09534
st =00455 ot =-00194  0.9299
5 st =00152 ol = 00517 08149
(0.0625) st =00156 PPt = 00732 0.7406
st 200818 ol = 00559 0.8004
st =00038 = 00130 09529
st =06563 7l 7Tt = 06331 0.0042
sttt =00000  oftTtH=-00005 06823
st =00813 ot =—0.0559 08004
S1:23,15,19,5,12,13,8,9,2,5,3, 1 sl 200000 oot = 00005 06823
$2:21,25,19,15,17,9,11,10,7,2,3,5 i o
$3:10,3,5,2,9, 11, 10, 15, 17, 25, 21, 23 Otuseie- = 00782 T o= 00042 09850
$4:1,5.3,7,9,11,10,15,17,20,21,23  Olrrs ] =00000  7t71= 00005  0.6823
$5:4,3,5,7,10,11,13,19,17,16,21,23 &7 =00000  7f;*H = 00005  0.6823
st =00813 ot = 00559 0.8004
st =00000 7l =-0.0005 06823
st =00813  otT 0 =—-0.0559  0.8004
st =00813 ot =—0.0559 08004
st =00000 ot =-0.0005 06823
sl =00000 7l =-0.0005 06823




Appendix E | 220

Table E.4. Examples of data trend measurement () for H(51,52,53,54,55,56) € R°.

N (rp) Series (n =12) 5[0, 1] Ty [-1, 1] 0
ittt 200154 PR 20,0290 0.8957
sl rtlzo0a62 o Pt = 00035 0.9874

57 '+'+'+'+] =00000 7ryttH = 00452 0.8379

—+==—— [=+====

5["‘“'*'* =0.0000 r[["‘*'“'* —0.0452  0.8379

[++--- ++--

sl 200000 o TTTTH = —0.0452 08379

sl 200000 ot = —0.0452  0.8379

[+=+=== [+=+==

6[+’_‘_‘+’+’+ =0.0000 T[[:f"'_'f'+'+ —0.0452 0.8379

[=+ 4=,

slovt =00000 ol = —0.0452  0.8379

[+++== + 44—

it 00000 ot = —0.0452 08379

it =00000 ot = —0.0452  0.8379

sirorort=00000 ottt = —0.0452 08379

[—+—-+--] [—+—+-—

shoyrrt =00000 ol = —0.0452 08379

[++-+--1 " +4=t-=

s+l = 0.0000 r“'*""'*'” =-0.0452 0.8379

[-—++--] [——++-,

st =00000  tft = —0.0452 08379

$1:10,19,7,9,1,17,6,23,3,8,13,11 ot Dot
st 00462 ot '+'+] = 00035 0.9874
$2:9,5,17,15,23,7,3,1,21,19, 11, 13 e e -
6 $3:9,5,17,15,23,10,3,1,18,19,11,18 &/, " =00000 <[ 7t = —0.0452 08379

(0.0313) S4:9,5,12,15,23,7,8,1, 22,19, 11, 13 6[+'+'+'+' 4200000 7ttt = 00452 0.8379

[mmmte] = [ mmhim
$5:9,10,17.15,20, 7,3, L2L 19,1113 sl (o0 ettt - gousy 08379

17

]

S6:15,19,7,9,1,17,21, 23,3,5,13,20  [homt] (o]
sttt 00154 oMy = 20,0290 0.8957
shoyrritl=00000 ol = —0.0452 08379
sttt =00000 ottt = 00452 0.8379
sl =00000 Tt = —00452 08379
st 00154 o = 20,0290 0.8957
sl =00808 ot = 00127 09541
it =00000 ot = —0.0452 08379
sl =00000 ot = —0.0452  0.8379
st =o0a62 ot = 00035 09874
slovr it =00000 ol = —0.0452 08379
st 200000 o trr T = -00452 08379
sl =00000 ot = —0.0452  0.8379
st =06615 o = 06504 0.0032
sl =012 o = 0.0845 07022
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