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1 | INTRODUCTION
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Abstract

Is it possible to find trends between the parameters that define microbial growth to
help us explain the vast microbial diversity? Through an extensive database of kinetic
parameters of nitrifiers, we analyzed if the dominance of specific populations of
nitrifiers could be predicted and explained. We concluded that, in general, higher
growth yield (Yxs) and ammonia affinity (a’nws) and lower growth rate (pmay) are
observed for ammonia-oxidizing archaea (AOA) than bacteria (AOB), which would
explain their considered dominance in oligotrophic environments. However, co-
mammox (CMX), with the maximum energy harvest per mole of ammonia, and some
AOB, have higher a®yu3z and lower ey than some AOA. Although we were able to
correlate the presence of specific terminal oxidases with observed oxygen affinities
(@%02) for nitrite-oxidizing bacteria (NOB), that correlation was not observed for
AOB. Moreover, the presumed dominance of AOB over NOB in O,-limiting en-
vironments is discussed. Additionally, lower statistical variance of a°o, values than
for ammonia and nitrite affinities was observed, suggesting nitrogen limitation as a
stronger selective pressure. Overall, specific growth strategies within nitrifying
groups were not identified through the reported kinetic parameters, which might
suggest that mostly, fundamental differences in biochemistry are responsible for

underlying kinetic parameters.
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metabolic collaboration between two different populations. Ammo-

nia was always considered to be oxidized first to nitrite by ammonia-

Advances in culture-independent studies and metagenomics have
greatly increased our knowledge of nitrifying communities revealing
that the interactions of this microbial group are not as simple as was
once thought (Hugenholtz et al., 1998; Marco, 2011). The nitrification

process was traditionally described as a two-step process of

oxidizing bacteria (AOB) and then, nitrite oxidized to nitrate by
nitrite-oxidizing bacteria (NOB). However in 2005 our understanding
began to change when archaea oxidizing ammonia to nitrite
(ammonia-oxidizing archaea, AOA) were observed (Kénneke
et al., 2005; Treusch et al, 2005). Then, in 2015, some NOB
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populations (Nitrospira genus) were proven to fully catalyze 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 (Daims et al., 2016), the previously underestimated
NOB group revealed wide metabolic and physiological diversity.
Considering this new information on the complex interspecies re-
lationships of competition and collaboration among populations of
nitrifiers, our full understanding of nitrifiers within natural and en-
gineered systems is further challenged. Exploring and understanding
the relationship between populations, opportunities for novel designs
of biotechnologies might arise, enabling the control of nitrogen
concentration in water in a more sustainable way.

Because AOA has 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). AOB in contrary, are
generally faster growers than AOA domina in environments where sub-
strate 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 (<15 pM), 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
environmental niches remain unknown along with their relative con-
tribution to the global nitrification process.

The few measurements of ammonia affinity for complete ni-
trification by a single organism (from Nitrospira inopinata and
Ca. N. 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, 2021; Kits et al., 2017; Sakoula et al., 2020)).
With a higher ammonia affinity than AOB, and a more energetic
catabolic process per mole of NH3 (complete nitrification would
yield more energy, AG® =-349 kJ per mole of NHj) than single
step (AG® = -275kJ per mole of NHz for ammonia oxidation to
nitrite, and AG® = -74 kJ 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 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 un-
equally distributed in both natural and engineered environments.
Some specific NOB species are considered habitat specialists. In
particular, Nitrospina and Ca. Nitromaritima species have been

only identified in marine and hypersaline environments, like
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deep-sea waters, ocean sediments, and marine oxygen minimum
zones (Bristow et al., 2016; Ngugi et al., 2016; Sun et al., 2019),
and Nitrospira and Nitrotoga are usually the dominant NOB in
wastewater treatment systems (Daims et al., 2001; Juretschko
et al., 1998; Kruse et al., 2013; Lucker et al., 2015). However, the
ubiquity of NOB, which reflects their capacity to adapt to several
environments, should be a consequence of their intrinsic meta-
bolic diversity (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 un-
limited substrate environments, such as wastewater treatment systems or
eutrophic environments are identified as r-strategists, with a higher
maximum specific growth rate (Uma,), Whereas those microorganisms
which grow slowly and dominate in oligotrophic environments are iden-
tified as K-strategists, with higher substrate affinity. A trade-off between
oligotrophic and copiotrophic activity is defined by 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 para-
meters between growth rate and growth yield. This trade-off would also
define theoretical environment strategists, that is, microorganisms de-
fined by a high growth rate and a low growth yield (r-strategist) versus
those with a low growth rate and high growth vyield (Y-strategist)
(Kreft, 2004; 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 metabolize 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;
Muiller & Babel, 1993); or the competition between fermentative path-
ways 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 there is not an understanding on what at the
molecular mechanistic level defines a microorganism as r- or K- or
Y-strategist. Moreover, the fitness of specific microbial species is not
strictly fixed, but able to adapt to dynamic environmental conditions
(Velicer & Lenski, 1999).

In this study, we analyzed the kinetic parameters of AOB, AOA,
CMX, and NOB, reviewing approximately 100 references in literature
and more than 300 data points, with the objective to understand
better the relationships of competition and collaboration established
between different functional groups of aerobic nitrifiers. With it, we
aim to predict the ecological niches in which specific populations of
nitrifiers will dominate. Values of maximum specific growth rate
(Mmax), growth yield (Yxs), and the affinities for oxygen and nitrogen
sources (2%, and a®y), were collected, normalized, and compared for
each of the potential groups competing for the same substrate. The
analysis of the data highlights the specific metabolic strategies en-
abling the survival of different populations, and the relationship
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between biochemical differences and measured kinetic parameters.
Moreover, it explains our inability to fully describe ecological niche
differentiation between the populations involved in the aerobic bio-

geochemical nitrogen cycle.

2 | MATERIALS AND METHODS

In this study, a database of the kinetic parameters for nitrifiers
reported in the literature was collated. Maximum specific growth
rate (Umax), apparent growth yield (Yxs), and specific affinity for
ammonia (a®yns), oxygen (a°5), and nitrite (a®yo2) have been
annotated and compared for different aerobic nitrifying groups.
To enable the comparison, the following extrapolations and

conversions were done:

2.1 | Maximum specific growth rate (Mmax)

Maximum specific growth rate is presented in this study 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 an Arrhenius function (Equation 1) (Melcer, 2004).

pry = prp x 6711772, (1)

In Equation (1), © refers to the dimensionless Arrhenius coefficient.
Linear regression and least squares method were applied to fit an
Arrhenius function to the experimental data for each p.x Vvalue
collected from the literature. A table with the values is presented in
Supplementary Online Materials (Tables S1 and S2).

To normalize the effect of pH, all values were extrapolated at the pH
considered optimum for each species or genus. All optimum pH va-
lues are reported between 7 and 8 for the nitrifying groups con-
sidered (Figure S1). To extrapolate the umax value at its optimum pH,
a function with a bell curve shape was used to define the effect
of pH over the P« values (Equation 2) (Antoniou et al., 1990;
Blackburne et al., 2007a, 2007b; Dochain & Vanrolleghem, 2015;
French et al., 2012; Jung et al., 2011; Kitzinger et al., 2018; Lafuente
et al., 2008; Qin et al., 2014; Tourna et al., 2011).

HMmax pHOP)
Mmax (pH) 10-PK1 107PH (2)
10PH 10°PK2

In Equation (2), pK; and pK, refer to the pH in which p,.y is half

of the value at optimal pH (see Supplementary Online Materials).

2.2 | Specific affinities for substrates (a°yn3, a°no2,
and a%,)

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 data of kinetic constants form literature for AOB, AOA,
CMX, and NOB and applying Equation (3) (Button, 1985).

Vmax
al = % @)

Here a? is the specific affinity for S (L g-Bio™ H%), Viax is maximum
specific uptake rate (umol-S g-Bio™? h'1) and Ky is half-saturation
constant for S (UM). The literature data are included in Tables S3-S5.

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. We present the apparent growth yield in units of gBio/
gNH3; for ammonia oxidizers and gBio/gNO,~ for nitrite oxidizers. To
transform the reported growth yield to these units when needed, an
average formula for biomass was considered (CsH;O,N). Other

conversion factors used are included in Tables S6 and S7.

2.4 | Statistical analyses

Statistical significance of the differences between the parameters
describing growth (maximum specific growth rate (WUmax), growth yield
(Yxs), and specific affinity (a°) of the nitrifying groups considered
(AOB, AOA, CMX, and NOB) was assessed using the one-way AN-
OVA analysis together with REGWQ TEST. To evaluate the correla-
tions between maximum specific growth rate (Umnay), growth yield
(Yxs), and specific affinity (a®) Pearson's correlation coefficient (r)
was used.

3 | RESULTS AND DISCUSSION

The collected kinetic parameters of ammonia and nitrite oxidizers
were organized in groups based on their metabolic activity, domain,
and origin (Tables 1 and 2) function of available taxonomic informa-
tion (genus and species). 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
(AOB-SW),

oxidizing archaea (AOA-FW), marine ammonia-oxidizing archaea

ammonia-oxidizing bacteria nonmarine ammonia-
(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 iso-
lated 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 (Unay) of AOB, AOA, and CMX
is compared with the specific affinity for ammonia (a°uys3) (Figure 1a)
and with the growth yield (Yxs) (Figure 1b). For NOB, the pmax values
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TABLE 1 Summary of the kinetic parameters of ammonia oxidizers included in the database used in this study
Abbreviation Taxonomic level and culture type® Parameters Ecosystem”

Non-marine ammonia-oxidizing bacteria (AOB-FW)
Mixed culture Mx AOB-FW Mixed culture All° WWTP
Nitrosomonas europaea Europaea Species, PC All Soil
Nitrosomonas oligotropha Oligotropha Species, PC and EC Mmaxs 3°NH3 Sediments
Nitrosospira sp. 40K1 Nspira-40K1 Species, PC Mmaxe 3°NH3s Yxs Soil
Nitrosospira sp. AF Nspira-AF Species, PC Umaxe 3Nz Yxs Acidic soil
Nitrosospira sp. B6 Nspira-Bé Species, PC Umax a°NH3 Ys WWTP
Nitrosospira sp. L115 Nspira-L115 Species, PC Umaxo 3°NH3s Yxs Acidic soil
Marine ammonia-oxidizing bacteria (AOB-SW)
Nitrosococcus oceani Oceani Species, PC Moo B8 Yo Sediments
Non-marine ammonia-oxidizing archaea (AOA-FW)
Nitrosoarchaeum koreensis Koreensis Species, EC Moo BN & e Soil
Nitrososphaera vienennsis Vienennsis Species, PC Moo B Yo Soil
Nitrososphaera gargensis Gargensis Species, PC Wromo Eoen Yo Hot spring
Marine ammonia-oxidizing archaea (AOA-SW)
Mixed culture Mx AOA-SW Mixed culture Umax 3202 Sediments
Nitrosopumilus maritimus Maritimus Species, PC All Sediments
Nitrosopumilus piranensis Piranensis Species, EC Hmaxs YXS Water column
Nitrosopumilus adiactus Adriaticus Species, EC Hmaxs YXs Water column
Complete ammonia-oxidizing bacteria (CMX)
Nitrospira inopinata Inopinata Species, PC Wiyo B b Yo Hot water

2Culture type: PC - pure culture; EC - enriched culture.
bEcosystem (sample origin): WWTP - Wastewater treatment plants.

CAll: All microbial growth parameters have been reported, Mmax, 2°nm3, a o2, and Yys.

are plotted with the specific affinities for nitrite (a’no,) (Figure 2a) and
growth vyield (Yxs) (Figure 2b). For all nitrifying groups, the specific
affinities for oxygen (a®o,) are presented in Figure 3a with their
Umax- Data shown in Figures 1 and 2 have been organized from the
highest to the lowest maximum specific growth rate. Data shown in
Figure 3 has been organized from the highest to the lowest affinity for
oxygen.

3.1 | Ammonia oxidizers

Collected data of ammonia oxidizers (Figure 1a) shows that AOB
populations have on average a higher maximum specific growth
rate than AOA and CMX (0.021+0.012h™! (n=20) for AOB,
0.006 £0.004 h™* (n=7) for AOA and 0.002h™* (n=1) for CMX).
But AOA and CMX have on average a higher specific affinity
for ammonia than AOB (4242.89 + 9461.33 L-g-Bio™*-h™ (n = 10)
for AOA, 4287.66+1765.09 L-g-Bio™*-h™* (n=2) for CMX and
240.00 £ 390.75 L-g-Bio 2-h™! (n=17) for AOB). The available

measurements of the kinetics of complete nitrifiers show they
have the lowest maximum specific growth rate (being close to
some Wmax Values reported for AOA) and the highest affinity for
ammonia of all analyzed ammonia oxidizers except N. maritimus
and N. koreensis. This overall tendency would confirm the con-
sideration of AOA and CMX as K-strategists when compared with
AOB, with lower Umax and higher ammonia affinity (Chen
et al., 2017; Yin et al., 2018). When analyzing the reported values
of Wmax and a®uys in literature for AOB, AOA, and CMX groups
(Figure 1a), we identify a strong negative correlation (r=-0.717;
p <0.006; n=13, Figure S2a), supporting the aforementioned
consideration that AOA and CMX have higher a®yu3 and lower
Kmax- A negative correlation is also observed between the data
collected for AOB populations only (r=-0.808; p=0.015; n=8,
Figure S2b) but we found a strong positive correlation between
the pmax and a®nns values for populations of AOA (r=0.756;
p=0.02; n=4, Figure S2c). Then, although we are able to identify
some species of AOB that will preferentially dominate in oligo-
trophic environments, and this supports the r/K-strategy theory
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TABLE 2 Summary of the kinetic parameters of nitrite oxidizers included in the database used in this study

Abbreviation Taxonomic level and culture type® Parameters Ecosystem”
Non-marine nitrite-oxidizing bacteria (NOB-FW)
Nitrobacter vulgaris Vulgaris Species, PC Umax a°N02s Yxs WWTP
Nitrospira sp. ND1 ND1 Species, PC All° WWTP
Nitrospira japonica Japonica Species, PC All WWTP
Nitrobacter agilis Agilis Species, PC Umaxe 3°N02 Yxs WWTP
Nitrobacter winogradskyi Winogradsky Species, PC All Soil
Nitrospira defluvii Defluvii Species, PC Umaxe 3°N02,YxS WWTP
Nitrospira lenta Lenta Species, PC Umaxe 3°N02,YxS WWTP
Nitrospira moscoviensis Moscoviensis Species, PC Umaxe 3°N02,YxS Hot water
Nitrobacter hamburgensis Hamburgensis Species, PC All Soil
Nitrotoga arctica Arctica Species, PC Umaxe 3°N02,YxS Soil
Marine nitrite-oxidizing bacteria (NOB-SW)
Nitrococcus mobilis Mobilis Species, PC Wiiere EoER Water column
Nitrospira marina Marina Species, PC Hmaxs YXS Water column
Nitrospina watsonii Watsonii Species, EC Umaxe 3°N02,Yxs Water column
Nitrotoga sp. AM1 AM1 Species, EC Himaxs a°NO2 Sediments
Nitrospira sp. Ecomares Ecomares Species, PC Wrre B hEaes Sediments

2Culture type: PC - pure culture; EC - enriched culture.
PEcosystem (sample origin): WWTP - Wastewater treatment plants.

CAll: All microbial growth parameters have been reported, Hmax, 2°no2, 3002, and Yxs.

(Nitrosomonas have consistently higher pmax and lower a®yy3 than
Nitrosococcus or Nitrosospira), we have not been able to find a
similar trend between populations of AOA.

It is important to consider that AOA was the only cohort iden-
tified 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 aONH3 of N. maritimus, which is 22 times
higher than the highest measured a%yy; 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®yn3 shown
in Figure 1a. Nitrosospira species have a similar a3 than some AOA
species (Figures 1a and S5) being able to compete against some AOA
in these oligotrophic environments.

In Figure 1b, Wmax is compared with the growth yield (Yxs)
of each ammonia oxidizer considered. As expected, complete
nitrifiers show the highest Yxs value (Kits et al., 2017), but also
there is a significant difference between the reported Yxs of AOB
and AOA, both groups carrying out partial nitrification
(0.054 +0.024gBio/gNH3 (n=9) and 0.088+0.014gBio/gNH;
(n=9), respectively; p = 0.002). 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 (HP/HB) cy-
cle) than the Calvin-Benson-Bassham cycle of AOB (Kénneke
et al., 2014).

When analyzing the reported values for pmax and Yyxs for AOB
(excluding acidophilic AOB: Nitrosospira sp. AF and Nitrosospira sp.
L115), AOA and CMX, we identify a weak negative correlation
(r=-0.404; p<0.1; n=11, Figure S2d), which supports the hypoth-
esis of an inverse correlation between metabolic efficiency and speed
of growth (Kreft, 2004; Lele & Watve, 2014). A negative correlation is
also observed between the parameters reported for AOA (r = -0.506;
p=0.002; n=5, Figure S2e), but not for AOB (r=0.808; p = 0.05;
n = 6, Figure S2f).

In addition, non-marine AOA have a higher average value of Yxs
than marine AOA (0.100 + 0.007gBio/gNH3 (n = 3) for AOA-FW and
0.078 £ 0.009gBio/gNH3 (n=5) for AOA-SW; p=0.01) (Figure 1b).
This higher value of Yxs is also associated with lower Wn.x Values.
Contrary, this difference in metabolic efficiency is not observed when
non-marine and marine AOB are compared (p>0.1; Figure S4).
Regarding acidophilic AOB, we observe a significantly lower values
of Yys in comparison to neutrophilic AOB (p <0.01; Figure S4).
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 piyax
and Yxs parameters within the same ecological group.
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FIGURE 1 Maximum specific growth rate (Umax) With (a) specific
affinity for ammonia (a%uu3) and (b) growth yield (Yxs) of ammonia-
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Overall, for ammonia oxidizers we have identified negative cor-
relations between maximum growth rate and ammonia affinity and
growth vyield, respectively. Therefore, microorganisms that have
higher growth yield tend to have higher ammonia affinity meanwhile
being slow growers in conditions of non-substrate limitation. In
general, we observe lower Wmax higher aus, and higher Yxs for
AOA and CMX than for AOB, which indicates that these groups have
a competitive advantage in substrate limiting conditions.

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 catalyzing nitrite oxidation
to nitrate, differentiating between cytoplasmic NXR (C-type NOB),
periplasmic NXR (P-type NOB), and soluble periplasmic NXR (sP-type
NOB). In general, Nitrobacter and Nitrococcus are C-type NOB,
Nitrospira and Nitrospina are P-type NOB and Nitrotoga are sP-type
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FIGURE 2 Maximum specific growth rate (iUmax) With (a) specific
affinity for nitrite (a°u02) and (b) growth yield (Yxs) of nitrite-oxidizing
bacteria. The black bars show the range of W.x values; green bars
represent the range of a®uo2 Values (a); red bars represent the range
of Yxs value (b). 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

NOB (Fussel et al., 2017; Koch et al., 2015; Lucker et al., 2010;
Licker et al, 2013; Spieck et al., 1996; Spieck et al., 1998;
Starkenburg et al., 2006).

Figure 2a shows that C-type NOB have a significantly lower af-
finity for nitrite (ayoz) than P-type NOB (p < 0.0001) and sP-type
NOB (p <0.0001) (74.17 + 168.81 L-g-Bio *h™? (n=23) for C-type
NOB, 527.28 +451.01L-g-Bio™*-h™* (n=7) for P-type NOB and
145.76 + 91.49 L-g-Bio *-h? (n=5) for sPtype NOB). However, no
correlation has been found between Wmax and Yxs parameters
(Figure 2b). 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 the present analysis as no correlation between P ax
and a%uo» is found (r=0.062; p > 0.1; n = 14, Figure 52g). Analyzing
the kinetic data shown in Figure 2b, we identify a weak negative
correlation between .y and Yys for NOB (r=-0.29; p >0.1; n =13,
Figure S2h). Suggested location of Figure 2.

P-type NOB release protons in the periplasmic side of the
membrane as nitrite oxidation occurs. This could imply the gen-
eration of an extra unit of proton motive force. It has been
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FIGURE 3 (a) Maximum specific growth rate (Unax) With specific

affinity for oxygen (a®,) for all the nitrifiers’ populations considered.
The black bars show the range of W ,ax Values; dark green bars
represent the range of a, values; and dashed connect the average
of each value range. Blue: marine nitrifiers; orange: non-marine
nitrifiers. Legend bottom of figures: 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 S8). Dashed lines cross the calculated
average value for each parameter function of the range of values
reported. (b) Apparent substrate affinity (Kiyapp) for oxygen of NOB.
Km(app) Values are given for growth measurements (circles) and
activity measurements (diamonds). Marker color legend - Red: NOB
with heme-copper oxidase aa3-type as terminal oxidase; Green -
NOB with putative cytochrome bd-like oxidase as terminal oxidase;
Gray - NOB with heme-copper oxidase cbb3-type as terminal
oxidase. [OMZ]: samples from oxygen minimum zones (OMZ). Kiapp)
of Nitrospinae is significantly different from that of Nitrospira and
Nitrobacter species (p < 0.0001) and Kmpp) of Nitrospira species are
significantly different from that of Nitrobacter species (p < 0.0001).
See Table S8 for references about inventory of terminal oxidase of
NOB. See Table 510 for references of Ky app) Values

therefore considered that P-type NOB would have a more effi-
cient metabolism than C-type (Liicker et al., 2010). Contrary, no
significant difference between reported Yxs values for P-type
NOB and C-type NOB has been observed (0.021 +0.012gBio/
gNO, (n=11) for P-type NOB and 0.022+0.012gBio/gNO,
(n=10) for C-type NOB; p = 0.73). Other morphological differ-
ences might be affecting the efficiency of the metabolic process,

for example, the distinct terminal oxidoreductases that they ex-
press or the different carbon fixation pathways of Nitrobacter
(Calvin-Benson-Bassham cycle, CBB) and Nitrospira (oxygen
tolerant modified reductive tricarboxylic acid cycle, rTCA) (Licker
et al.,, 2010; Lucker et al.,, 2013; Starkenburg et al., 2006;
Starkenburg 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 aaz-type as terminal oxidase
that operates as proton pump, whereas Nitrospira encode a pu-
tative cytochrome bd-like terminal oxidase (Table S8) 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.

As observed in the analysis of the kinetic parameters of AOB,
there are no significant differences between Yyxs values when marine
and non-marine NOB are compared (p > 0.1; Figure S7). Regarding to
Umax and a®yoa values for NOB populations, we observed a sig-
nificant variation between Nitrobacter, Nitrococcus, and Nitrotoga
species from distinct environments (p < 0.0001), but there is less
variation between those of Nitrospira and Nitrospina species
(Figures S6 and S8).

3.3 | Oxygen competition among nitrifiers

Oxygen is the main electron acceptor for nitrification, and therefore
the seven ecological groups compete for it. Figure 3a presents the
specific affinity for oxygen (a®o,) for all nitrifying groups considered
except CMX (their a5, has not been reported yet) (Figure 3). Sug-
gested location of Figure 3.

No correlation between the pyax and a®o, values of considered
nitrifying groups was observed (r=-0.10; p =0.61; n=9, Figure S2I)
(Figure 3a). In addition, diversity in ao, values for all species con-
sidered is significantly lower than for the values gathered for a®uua,
and a%o02 (Figures S5, S8, and S9). Between NOB populations,
Nitrobacter is identified as the group with the lowest affinity for
oxygen and Nitrospira with the highest. Considering the Ky, @app) Va-
lues for oxygen of NOB (Figure 3b), we could assume that Nitrospina
genus would 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 S8 and S9). Considering only
NOB, a positive correlation between affinity of the terminal oxidase
of the species considered and the specific affinity measured is ob-
served (Figure 3a,b). However, no correlation between the terminal
oxidase and a®g, for AOA and AOB groups is observed (Figure 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 S9), Figure 3a shows that AOA and AOB, except Mx
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AOB-FW, have a similar oxygen affinity to Nitrospira, which encodes
a bd-like terminal oxidase (Table S8). This lack of correlation might be
explained by the presence of the monooxygenation step in ammonia
oxidation (Arp et al., 2002; Vajrala et al., 2013). This additional oxy-
gen consumption could increase the oxygen concentration gradient
between cytoplasm and periplasm and, as consequence, intensify the
penetration ratio of oxygen into the cell independiently of the spe-
cific affinity of the encoded terminal oxidase (Harder &
Dijkhuizen, 1983; Tempest & Neijssel, 1978).

In general, it is considered that AOA has a higher affinity for
oxygen than AOB (Liu et al., 2017; Yin et al., 2018). However, the
measured affinities for oxygen of AOA and AOB considered in this
analysis, show not significant differences, suggesting that AOB
populations could compete against AOA even in oxygen limiting
(984.16 + 640.77 L/g-Bio/h (n=4) for AOA and
1045.90 £ 834.92 L/g-Bio/h (n=9) for AOB; p =0.72). On the other
hand, AOB populations tend to be considered better competitors for
oxygen than NOB (Lafuente et al, 2008; Wiesmann, 1994), but
Figure 3a shows that AOB have a significantly higher oxygen affinity
than C-type NOB (1045.90 + 834.92 L/g-Bio/h (n=9) for AOB and
171.53+260.28 L/g-Bio/h (n = 7) for C-type NOB; P < 0.005) and
similar affinity values to P-type NOB (1045.90 + 834.92 L/g-Bio/h
(h=9) for AOB and 1016.36+41.75L/g-Bio/h (n=2) for P-type
NOB; p = 0.63). This analysis supports that ammonia oxidizers would

conditions

only dominate the competition for oxygen if Nitrobacter is the
dominant population in the NOB community but contrary, NOB
would compete closely for oxygen with populations of AOB or AOA if
Nitrospira are abundant in the NOB community.

4 | CONCLUSIONS

The present analysis on the kinetics of aerobic nitrifiers, identi-
fies specific trends between the parameters of the different popu-
lations in the community. High affinity for a substrate does not
guarantee the survival of a microorganism in oligotrophic environ-
ments 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, might tend to be metabolically efficient (high Yxs), and
show a high substrate affinity (high a°). In this study, we have de-
monstrated that high growth vyield correlates with high substrate
affinity for those populations of nitrifiers that dominate in environ-
ments where substrate limitation is a fundamental selective pressure.
Figure 1 shows that in general, AOA and CMX present low Uy, high
a®una, and high Yys, whereas AOB show higher pimay, lower a%yus,
and lower Yys.

Nevertheless, Figure 1a shows that not all AOA have a significant
higher affinity for ammonia than AOB which could explain reported
dominance of AOB over AOA, in some natural oligotrophic environ-
ments. Also, Figure 3a shows the inconsistence of the assumption

DIOENGINEERIN

that AOB has a higher affinity for oxygen than NOB (although
Nitrobacter presents a lower affinity for oxygen, Nitrospira has a
similar affinity than ammonia-oxidizers). Notably, we observe that for
all the groups, the range of values found for a%o; is lower than for
a®uns or a®no2 Which can be a reflection of nitrogen availability
acting as a stronger selective pressure.

From this comprehensive analysis of the kinetic 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 vs. partial ammonia
oxidation, archaea vs. bacteria, different terminal oxidases, different
carbon fixation pathways, or periplasmic vs. cytoplasmic NXR), lead
to significant differences in the measured kinetic parameters and
potential niche specializations. This msuggests that the kinetics as-
sociated with any microbial species might be determined by the
specific metabolic traits and activity catalyzed, with constrained
capacity for adaptation.

ACKNOWLEDGMENTS

This study was funded by the Frontier Engineering grant “Synthetic
biology applications to water supply and remediation” (EP/K038885/1)
and the University of Glasgow James Watt EPSRC Scholarship (EP/
R513222/1).

CONFLICT OF INTERESTS

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the

supplementary material of this article.

REFERENCES

Andersen, K. B., & Von Meyenburg, K. (1980). Are growth rates of
Escherichia coli in batch cultures limited by respiration? Journal of
Bacteriology, 144(1), 114-123. https://doi.org/10.1128/jb.144.1.
114-123.1980

Andrews, J. H., & Harris, R. F. (1986). r- and K-selection and microbial
ecology.

Antoniou, P., Hamilton, J.,, Koopman, B., Jain, R., Holloway, B.,
Lyberatos, G., & Svoronos, S. A. (1990). Effect of temperature and
pH on the effective maximum specific growth rate of nitrifying
bacteria. Water Research, 24(1), 97-101. https://doi.org/10.1016/
0043-1354(90)20070-M

Arp, D. J.,, Sayavedra-Soto, L. A., & Hommes, N. G. (2002). Molecular
biology and biochemistry of ammonia oxidation by Nitrosomonas
europaea. Archives of Microbiology, 178(4), 250-255. https://doi.org/
10.1007/500203-002-0452-0

Baolan, H., Shuai, L, Wei, W., Lidong, S., Liping, L., Weiping, L.,
Guangming, T., Xiangyang, X., & Ping, Z. (2014). pH-dominated niche
segregation of ammonia-oxidising microorganisms in Chinese
agricultural soils. FEMS Microbiology Ecology, 90(1), 290-299.
https://doi.org/10.1111/1574-6941.12391

Berg, I. A. (2011). Ecological aspects of the distribution of different
autotrophic CO, fixation pathways. Applied and Environmental
Microbiology, 77(6), 1925-1936. https://doi.org/10.1128/AEM.
02473-10


https://doi.org/10.1128/jb.144.1.114-123.1980
https://doi.org/10.1128/jb.144.1.114-123.1980
https://doi.org/10.1016/0043-1354(90)90070-M
https://doi.org/10.1016/0043-1354(90)90070-M
https://doi.org/10.1007/s00203-002-0452-0
https://doi.org/10.1007/s00203-002-0452-0
https://doi.org/10.1111/1574-6941.12391
https://doi.org/10.1128/AEM.02473-10
https://doi.org/10.1128/AEM.02473-10

MARTINEZ-RABERT ET AL

BIOENGINEERIN

Blackburne, R., Vadivelu, V. M., Yuan, Z., & Keller, J. (2007a).
Determination of growth rate and yield of nitrifying bacteria by
measuring carbon dioxide uptake rate. Water Environment Research,
79(12), 2437-2445. https://doi.org/10.2175/106143007x212139

Blackburne, R., Vadivelu, V. M., Yuan, Z., & Keller, J. (2007b). Kinetic
characterisation of an enriched Nitrospira culture with comparison to
Nitrobacter. Water Research, 41(14), 3033-3042. https://doi.org/
10.1016/j.watres.2007.01.043

Bodegom, P. V. (2007). Microbial maintenance: A critical review on its
quantification. Microbial Ecology, 53, 513-523. https://doi.org/10.
1007/s00248-006-9049-5

Bristow, L. A., Dalsgaard, T., Tiano, L., Mills, D. B., Bertagnolli, A. D.,
Wright, J. J., Hallam, S. J.,, Ulloa, O., Canfield, D. E., Peter, N., &
Thamdrup, B. (2016). Ammonium and nitrite oxidation at nanomolar
oxygen concentrations in oxygen minimum zone waters. Proceedings
of the National Academy of Sciences of the United States of America,
113(38), 10601-10606. https://doi.org/10.1073/pnas.1600359113

Button, D. K. (1985). Kinetics of nutrient-limited transport and microbial
growth. American Society for Microbiology, 49(3), 270-297.

Button, D. K. (1991). Biochemical basis for whole-cell uptake kinetics:
Specific affinity, oligotrophic capacity, and the meaning of the
michaelis constant. American Society for Microbiology, 57(7), 6-8.

Carlson, R., & Srienc, F. (2004). Fundamental Escherichia coli biochemical
pathways for biomass and energy production: ldentification of
reactions. Biotechnology and Bioengineering, 85(1), 1-19. https://doi.
org/10.1002/bit.10812

Chao, Y., Mao, Y., Yu, K, & Zhang, T. (2016). Novel nitrifiers and
comammox in a full-scale hybrid biofilm and activated sludge reactor
revealed by metagenomic approach. Applied Microbiology and
Biotechnology, 100, 8225-8237. https://doi.org/10.1007/s00253-
016-7655-9

Chen, J., Nie, Y., Liu, W., Wang, Z., Shen, W., & Taylor, A. E. (2017).
Ammonia-oxidizing archaea are more resistant than denitrifiers to
seasonal precipitation changes in an acidic subtropical forest soil.
Frontiers in Microbiology, 8(July), 1-12. https://doi.org/10.3389/
fmicb.2017.01384

Costa, E., Pérez, J., & Kreft, J. U. (2006). Why is metabolic labour divided
in nitrification? Trends in Microbiology, 14(5), 213-219. https://doi.
org/10.1016/j.tim.2006.03.006

Daims, H., Lebedeva, E. V., Pjevac, P., Han, P., Herbold, C., Albertsen, M.,
Jehmlich, N., Palatinszky, M., Vierheilig, J., Bulaev, A,
Kirkegaard, R. H., von Bergen, M. Rattei, T., Bendinger, B.,
Nielsen, P. H., & Wagner, M. (2015). Complete nitrification by
Nitrospira bacteria. Nature, 528(7583), 504-509. https://doi.org/10.
1038/naturel16461

Daims, H., Licker, S., & Wagner, M. (2016). A new perspective on
microbes formerly known as nitrite-oxidizing bacteria. Trends in
Microbiology, 24(9), 699-712. https://doi.org/10.1016/j.tim.2016.
05.004

Daims, H., Nielsen, J. L., Nielsen, P. H., Schleifer, K. H., & Wagner, M.
(2001). In situ characterization of Nitrospira-like nitrite-oxidizing
bacteria acive in wastewater treatment plants. Applied and
Environmental Microbiology, 67(11), 5273-5284. https://doi.org/10.
1128/AEM.67.11.5273

Dochain, D., & Vanrolleghem, P. (2015). Dynamical modelling & estimation
in wastewater treatment processes. Water Intelligence Online, 4,
https://doi.org/10.2166/9781780403045

French, E., Kozlowski, J. A., Mukherjee, M., Bullerjahn, G., & Bollmann, A.
(2012). Ecophysiological characterization of ammonia-oxidizing
archaea and bacteria from freshwater. Applied and Environmental
Microbiology, 78(16), 5773-5780. https://doi.org/10.1128/AEM.
00432-12

Fussel, J., Lucker, S., Yilmaz, P., Nowka, B., Kessel, M. A. H. J. V,
Bourceau, P., Hach, P. F., Littmann, S., Berg, J., Spieck, E., Daims, H.,
Kuypers, M., & Lam, P. (2017). Adaptability as the key to success for

the ubiquitous marine nitrite oxidizer Nitrococcus. Science Advances,
3,2-11.

Giuffre, A., Borisov, V. B, Arese, M., Sarti, P., & Forte, E. (2014).
Cytochrome bd oxidase and bacterial tolerance to oxidative and
nitrosative stress. Biochimica et Biophysica Acta/General Subjects,
1837(7), 1178-1187.  https://doi.org/10.1016/j.bbabio.2014.
01.016

Gonzélez-Cabaleiro, R., Ofiteru, I. D., Lema, J. M., & Rodriguez, J. (2015).
Microbial catabolic activities are naturally selected by metabolic
energy harvest rate. The ISME Journal: Multidisciplinary Journal of
Microbial Ecology, 9(12), 2630-2641. https://doi.org/10.1038/ismej.
2015.69

Harder, W., & Dijkhuizen, L. (1983). Physiological responses to nutrient
limitation. Annual Review of Microbiology, 37, 1-23.

Ho, A., Di Lonardo, D. P., & Bodelier, P. L. E. (2017). Revisiting life strategy
concepts in environmental microbial ecology. FEMS Microbiology
Ecology, 93(3), 1-14. https://doi.org/10.1093/femsec/fix006

Hoff, J., Daniel, B., Stukenberg, D., Thuronyi, B. W., Waldminghaus, T., &
Fritz, G. (2020). Vibrio natriegens: An ultrafast-growing marine
bacterium as emerging synthetic biology chassis. Environmental
Microbiology, 22, 4394-4408. https://doi.org/10.1111/1462-2920.
15128

Hugenholtz, P., Goebel, B. M., & Pace, N. R. (1998). Impact of culture-
independent studies on the emerging phylogenetic view of bacterial
diversity. Journal of Bacteriology, 180(24), 6793-6793. https://doi.
org/10.1128/JB.180.24.6793-6793.1998

Jung, M.-Y, Park, S.-J, Min, D., Kim, J.-S, Rijpstra, W. I. C., Kim, G.-J,
Madsen, E. L., & Rhee, S.-K. (2011). Enrichment and characterization
of an autotrophic ammonia-oxidizing archaeon of mesophilic
crenarchaeal group l.1a from an agricultural soil. Applied and
Environmental Microbiology, 77(24), 8635-8647. https://doi.org/10.
1128/AEM.05787-11

Jung, M.-Y., Sedlacek, C. J, Kits, K. D., Mueller, A. J., Rhee, S.-K., Hink, L.,
Nicol, G. W., Bayer, B., Lehtovirta-Morley, L., Wright, C,
de la Torre, J. R., Herbold, C. W., Pjevac, P., Daims, H., & Wagner, M.
(2021). Ammonia-oxidizing archaea possess a wide range of cellular
ammonia affinities. The ISME journal, 16, 272-283. https://doi.org/
10.1038/541396-021-01064-z

Juretschko, S., Timmermann, G., Schmid, M., Schleifer, K. H.,
Pommerening-Roéser, A., Koops, H. P., & Wagner, M. (1998).
Combined molecular and conventional analyses of nitrifying
bacterium diversity in activated sludge: Nitrosococcus mobilis and
Nitrospira-like bacteria as dominant populations. Applied and
Environmental Microbiology, 64(8), 3042-3051. https://doi.org/10.
1128/aem.64.8.3042-3051.1998

Kappler, O., Janssen, P. H., Kreft, J. U., & Schink, B. (1997). Effects of
alternative methyl group accepters on the growth energetics of the
O-demethylating anaerobe Holophaga foetida. Microbiology, 143(4),
1105-1114. https://doi.org/10.1099/00221287-143-4-1105

van Kessel, M. A. H. J, Speth, D. R., Albertsen, M., Nielsen, P. H.,
Op Den Camp, H. J. M., Kartal, B., Jetten, M. S. M., & Lucker, S.
(2015). Complete nitrification by a single microorganism. Nature,
528(7583), 555-559. https://doi.org/10.1038/nature16459

Kits, K. D., Sedlacek, C. J., Elena, V., Han, P., Bulaev, A., Pjevac, P.,
Daebeler, A., Romano, S., Albertsen, M., Stein, L. Y., Daims, H., &
Wagner, M. (2017). Kinetic analysis of a complete nitrifier reveals an
oligotrophic lifestyle. Nature, 549(7671), 269-272. https://doi.org/
10.1038/nature23679

Kitzinger, K., Koch, H., Lucker, S., Sedlacek, C. J., Herbold, C., Schwarz, J.,
Daebeler, A., Mueller, A. J., Lukumbuzya, M., Romano, S., Leisch, N.,
Karst, S. M., Kirkegaard, R., Albertsen, M., Nielsen, P. H., Wagner, M.,
& Daims, H. (2018). Characterization of the first “Candidatus
nitrotoga” isolate reveals metabolic versatility and separate
evolution of widespread nitrite-oxidizing bacteria. mBio, 9(4), 1-16.
https://doi.org/10.1128/mBi0.01186-18


https://doi.org/10.2175/106143007x212139
https://doi.org/10.1016/j.watres.2007.01.043
https://doi.org/10.1016/j.watres.2007.01.043
https://doi.org/10.1007/s00248-006-9049-5
https://doi.org/10.1007/s00248-006-9049-5
https://doi.org/10.1073/pnas.1600359113
https://doi.org/10.1002/bit.10812
https://doi.org/10.1002/bit.10812
https://doi.org/10.1007/s00253-016-7655-9
https://doi.org/10.1007/s00253-016-7655-9
https://doi.org/10.3389/fmicb.2017.01384
https://doi.org/10.3389/fmicb.2017.01384
https://doi.org/10.1016/j.tim.2006.03.006
https://doi.org/10.1016/j.tim.2006.03.006
https://doi.org/10.1038/nature16461
https://doi.org/10.1038/nature16461
https://doi.org/10.1016/j.tim.2016.05.004
https://doi.org/10.1016/j.tim.2016.05.004
https://doi.org/10.1128/AEM.67.11.5273
https://doi.org/10.1128/AEM.67.11.5273
https://doi.org/10.2166/9781780403045
https://doi.org/10.1128/AEM.00432-12
https://doi.org/10.1128/AEM.00432-12
https://doi.org/10.1016/j.bbabio.2014.01.016
https://doi.org/10.1016/j.bbabio.2014.01.016
https://doi.org/10.1038/ismej.2015.69
https://doi.org/10.1038/ismej.2015.69
https://doi.org/10.1093/femsec/fix006
https://doi.org/10.1111/1462-2920.15128
https://doi.org/10.1111/1462-2920.15128
https://doi.org/10.1128/JB.180.24.6793-6793.1998
https://doi.org/10.1128/JB.180.24.6793-6793.1998
https://doi.org/10.1128/AEM.05787-11
https://doi.org/10.1128/AEM.05787-11
https://doi.org/10.1038/s41396-021-01064-z
https://doi.org/10.1038/s41396-021-01064-z
https://doi.org/10.1128/aem.64.8.3042-3051.1998
https://doi.org/10.1128/aem.64.8.3042-3051.1998
https://doi.org/10.1099/00221287-143-4-1105
https://doi.org/10.1038/nature16459
https://doi.org/10.1038/nature23679
https://doi.org/10.1038/nature23679
https://doi.org/10.1128/mBio.01186-18

MARTINEZ-RABERT ET AL

Koch, H., Liicker, S., Albertsen, M., Kitzinger, K., Herbold, C., & Spieck, E.
(2015). Expanded metabolic versatility of ubiquitous nitrite-oxidizing
bacteria from the genus Nitrospira. Proceedings of the National
Academy of Sciences of the United States of America, 112(36),
11371-11376. https://doi.org/10.1073/pnas.1506533112

Konneke, M., Bernhard, A. E.,, De La Torre, J. R, Walker, C. B.,
Waterbury, J. B., & Stahl, D. A. (2005). Isolation of an autotrophic
ammonia-oxidizing marine archaeon. Nature, 437(7058), 543-546.
https://doi.org/10.1038/nature03911

Kénneke, M., Schubert, D. M., Brown, P. C., Higler, M., Standfest, S., &
Schwander, T. (2014). Ammonia-oxidizing archaea use the most
energy-efficient aerobic pathway for CO, fixation. Proceedings of the
National Academy of Sciences of the United States of America, 111(22),
8239-8244. https://doi.org/10.1073/pnas.1402028111

Kreft, J.-U (2004). Biofilms promote altruism. Microbiology, 2004,
2751-2760. https://doi.org/10.1099/mic.0.26829-0

Kruse, M., Zumbragel, S., Bakker, E., Spieck, E., Eggers, T., & Lipski, A.
(2013). The nitrite-oxidizing community in activated sludge from a
municipal wastewater treatment plant determined by fatty acid
methyl ester-stable isotope probing. Systematic and Applied
Microbiology, 36(7), 517-524. https://doi.org/10.1016/j.syapm.
2013.06.007

Lafuente, J., Baeza, J. A.,, & Jubany, I. (2008). Start-up of a nitrification
system with automatic control to treat highly concentrated
ammonium wastewater: Experimental results and modeling.
Chemical Engineering Journal, 144, 407-419. https://doi.org/10.
1016/j.cej.2008.02.010

Lagostina, L., Goldhammer, T., Roy, H., Evans, T. W., Lever, M. A,
Jorgensen, B. B., Petersen, D. G., Schramm, A., & Schreiber, L. (2015).
Ammonia-oxidizing Bacteria of the Nitrosospira cluster 1 dominate
over ammonia-oxidizing Archaea in oligotrophic surface sediments
near the South Atlantic Gyre. Environmental Microbiology Reports,
7(3), 404-413. https://doi.org/10.1111/1758-2229.12264

Lehtovirta-morley, L. E. (2018). Ammonia oxidation: Ecology, physiology,
biochemistry and why they must all come together. FEMS
Microbiology Letters, 1-9. https://doi.org/10.1093/femsle/fny058

Lele, U. N., & Watve, M. G. (2014). Bacterial growth rate and growth yield:
Is there a relationship? Proceedings of the Indian National Science
Academy, 80(3), 537-546. https://doi.org/10.16943/ptinsa/2014/
v80i3/55129

Li, Y., Ding, K., Wen, X., Zhang, B., Shen, B., & Yang, Y. (2016). A novel
ammonia-oxidizing archaeon from wastewater treatment plant: Its
enrichment, physiological and genomic characteristics. Nature
Publishing Group, 6, 1-11. https://doi.org/10.1038/srep23747

Liu, S., Hu, J.-J, Shen, J.-X, Chen, S., Tian, G.-M, Zheng, P., Lou, L.-P, &
Ma, F. (2017). Potential correlated environmental factors leading to
the niche seg- regation of ammonia-oxidizing archaea and ammonia-
oxidizing bacteria: A review. Applied Environmental Biotechnology,
2(1), 11-19.

Licker, S., Nowka, B., Rattei, T., Spieck, E., & Daims, H. (2013). The
genome of Nitrospina gracilis illuminates the metabolism and
evolution of the major marine nitrite oxidizer. Frontiers in
Microbiology, 4(February), 1-19. https://doi.org/10.3389/fmich.
2013.00027

Lucker, S., Schwarz, J., Gruber-Dorninger, C., Spieck, E., Wagner, M., &
Daims, H. (2015). Nitrotoga-like bacteria are previously
unrecognized key nitrite oxidizers in full-scale wastewater
treatment plants. The ISME Journal: Multidisciplinary Journal of
Microbial Ecology, 9(3), 708-720. https://doi.org/10.1038/ismej.
2014.158

Licker, S., Wagner, M., Maixner, F., Pelletier, E., Koch, H., & Vacherie, B.
(2010). A Nitrospira metagenome illuminates the physiology and
evolution of globally important nitrite-oxidizing bacteria. Proceedings
of the National Academy of Sciences of the United States of America,
107(30), 13479-13484. https://doi.org/10.1073/pnas.1003860107

BIOENGINEERIN

Mangiapia, M., & Scott, K. (2016). From CO2 to cell: energetic expense of
creating biomass using the Calvin-Benson-Bassham and reductive
citric acid cycles based on genome data. FEMS Microbiology Ecology,
363(7), 1-9. https://doi.org/10.1093/femsle/fnw054

Marco, D. (2011). Metagenomics: Current inovations and future trends.
Caister Academic Press.

Melcer, H. (2004). Methods for wastewater characterization in activated
sludge modelling. IWA Publisihing books.

Mosier, A. C., & Francis, C. A. (2008). Relative abundance and diversity of
ammonia-oxidizing archaea and bacteria in the San Francisco Bay
estuary. Environmental Microbiology, 10(11), 3002-3016. https://doi.
org/10.1111/j.1462-2920.2008.01764.x

Miiller, R. H., & Babel, W. (1993). Oxidative capacity determines the
growth rate with Acetobacter methanolicus. Acta Biotechnologica,
13(1), 3-11. https://doi.org/10.1002/abio.370130102

Ngugi, D. K., Blom, J., Stepanauskas, R., & Stingl, U. (2016). Diversification
and niche adaptations of Nitrospina-like bacteria in the polyextreme
interfaces of Red Sea brines. ISME Journal, 10(6), 1383-1399.
https://doi.org/10.1038/ismej.2015.214

Nowka, B., Daims, H., & Spieck, E. (2015). Comparison of oxidation
kinetics of nitrite-oxidizing bacteria: Nitrite availability as a key

factor in niche differentiation. Applied and Environmental
Microbiology, 81(2), 745-753. https://doi.org/10.1128/AEM.
02734-14

Park, H. D., Wells, G. F., Bae, H., Griddle, C. S., & Francis, C. A. (2006).
Occurrence of ammonia-oxidizing archaea in wastewater treatment
plant bioreactors. Applied and Environmental Microbiology, 72(8),
5643-5647. https://doi.org/10.1128/AEM.00402-06

Pfeiffer, T., Schuster, S., & Bonhoeffer, S. (2001). Cooperation and
competition in the evolution of ATP-producing pathways. Science,
293, 504-507. https://doi.org/10.1126/science.293.5534.1436

Pjevac, P., Lucker, S., & Daims, H. (2017). AmoA -targeted polymerase
chain reaction primers for the specific detection and quantification
of Comammox Nitrospira in the environment. Frontiers in
Microbiology, 8, 1-11. https://doi.org/10.3389/fmich.2017.01508

Qin, W., Amin, S. A., Martens-habbena, W., Walker, C. B., Urakawa, H., &
Devol, A. H. (2014). Marine ammonia-oxidizing archaeal isolates
display obligate mixotrophy and wide ecotypic variation. Proceedings
of the National Academy of Sciences of the United States of America,
111(34), 12504-12509. https://doi.org/10.1073/pnas.1324115111

Sakoula, D., Koch, H., Frank, J., Jetten, M. S. M., van Kessel, M. A. H. J., &
Licker, S. (2020). Enrichment and physiological characterization of a
novel comammox Nitrospira indicates ammonium inhibition of
complete nitrification. The ISME journal, 15, 1010-1024. https://
doi.org/10.1038/s41396-020-00827-4

Santoro, A. E., Francis, C. A., De Sieyes, N. R., & Boehm, A. B. (2008). Shifts
in the relative abundance of ammonia-oxidizing bacteria and archaea
across physicochemical gradients in a subterranean estuary.
Environmental Microbiology, 10(4), 1068-1079. https://doi.org/10.
1111/j.1462-2920.2007.01547 .x

Sato, Y. Arai, H., lgarashi, Y., & Ishii, M. (2014). Adaptation of
Hydrogenobacter thermophilus toward oxidative stress triggered by
high expression of alkyl hydroperoxide reductase. Bioscience,
Biotechnology, and Biochemistry, 78(9), 1619-1622. https://doi.org/
10.1080/09168451.2014.921559

Schramm, A., Heuvel, J., Ottengraf, S., & Planck, M. (1999). Microscale
distribution of populations and activities of Nitrosospira and
Nitrospira spp. along a macroscale gradient in a nitrifying
bioreactor: Quantification by in situ hybridization and the use of
microsensors. Applied and Environmental Microbiology, 65(8),
3690-3696.

Seeliger, S., Janssen, P. H., & Schink, B. (2002). Energetics and kinetics of
lactate fermentation to acetate and propionate via methylmalonyl-
CoA or acrylyl-CoA. FEMS Microbiology Letters, 211(1), 65-70.
https://doi.org/10.1016/50378-1097(02)00651-1


https://doi.org/10.1073/pnas.1506533112
https://doi.org/10.1038/nature03911
https://doi.org/10.1073/pnas.1402028111
https://doi.org/10.1099/mic.0.26829-0
https://doi.org/10.1016/j.syapm.2013.06.007
https://doi.org/10.1016/j.syapm.2013.06.007
https://doi.org/10.1016/j.cej.2008.02.010
https://doi.org/10.1016/j.cej.2008.02.010
https://doi.org/10.1111/1758-2229.12264
https://doi.org/10.1093/femsle/fny058
https://doi.org/10.16943/ptinsa/2014/v80i3/55129
https://doi.org/10.16943/ptinsa/2014/v80i3/55129
https://doi.org/10.1038/srep23747
https://doi.org/10.3389/fmicb.2013.00027
https://doi.org/10.3389/fmicb.2013.00027
https://doi.org/10.1038/ismej.2014.158
https://doi.org/10.1038/ismej.2014.158
https://doi.org/10.1073/pnas.1003860107
https://doi.org/10.1093/femsle/fnw054
https://doi.org/10.1111/j.1462-2920.2008.01764.x
https://doi.org/10.1111/j.1462-2920.2008.01764.x
https://doi.org/10.1002/abio.370130102
https://doi.org/10.1038/ismej.2015.214
https://doi.org/10.1128/AEM.02734-14
https://doi.org/10.1128/AEM.02734-14
https://doi.org/10.1128/AEM.00402-06
https://doi.org/10.1126/science.293.5534.1436
https://doi.org/10.3389/fmicb.2017.01508
https://doi.org/10.1073/pnas.1324115111
https://doi.org/10.1038/s41396-020-00827-4
https://doi.org/10.1038/s41396-020-00827-4
https://doi.org/10.1111/j.1462-2920.2007.01547.x
https://doi.org/10.1111/j.1462-2920.2007.01547.x
https://doi.org/10.1080/09168451.2014.921559
https://doi.org/10.1080/09168451.2014.921559
https://doi.org/10.1016/S0378-1097(02)00651-1

MARTINEZ-RABERT ET AL

BIOENGINEERIN

Spieck, E., Aamand, J., Bartosch, S, & Bock, E. (1996).
Immunocytochemical detection and location of the membrane-
bound nitrite oxidoreductase in cells of Nitrobacter and Nitrospira.
FEMS Microbiology Letters, 139(1), 71-76. https://doi.org/10.1016/
0378-1097(96)00123-1

Spieck, E., Ehrich, S., & Aamand, J. (1998). Isolation and
immunocytochemical location of the nitrite-oxidizing system in
Nitrospira moscoviensis. Arc, 169, 225-230.

Starkenburg, S. R., Chain, P. S. G., Sayavedra-soto, L. A., Hauser, L.,
Land, M. L., Larimer, F. W., Malfatti, S. A, Klotz, M. G,
Bottomley, P. J., Arp, D. J., & Hickey, W. J. (2006). Genome sequence
of the chemolithoautotrophic nitrite-oxidizing bacterium Nitrobacter
winogradskyi Nb-255. Microbiology, 72(3), 2050-2063. https://doi.
org/10.1128/AEM.72.3.2050

Starkenburg, S. R., Larimer, F. W., Stein, L. Y., Klotz, M. G,, Chain, P. S. G.,
Sayavedra-soto, L. A., Poret-peterson, A. T., Gentry, M. E., Arp, D. J.,
Ward, B., & Bottomley, P. J. (2008). Complete genome sequence of
Nitrobacter hamburgensis X14 and comparative genomic analysis of
species within the genus Nitrobacter. Applied and Environmental
Microbiology, 74(9), 2852-2863. https://doi.org/10.1128/AEM.
02311-07

Sun, X, Kop, L. F. M,, Lau, M. C. Y., Frank, J., Jayakumar, A., Licker, S., &
Ward, B. B. (2019). Uncultured Nitrospina-like species are major
nitrite oxidizing bacteria in oxygen minimum zones. ISME Journal,
13(10), 2391-2402. https://doi.org/10.1038/s41396-019-0443-7

Tempest, D. W., & Neijssel, O. M. (1978). Eco-physiological aspects of
microbial growth in aerobic nutrient-limited environments. In M.
Alexander (Ed.), Advances in Microbial Ecology (Vol. 2). Springer.

Tourna, M., Stieglmeier, M., Spang, A., Konneke, M., Schintimeister, A.,
Urich, T., Engel, M., Schloter, M., Wagner, M., Richter, A, &
Schleper, C. (2011). Nitrososphaera viennensis, an ammonia oxidizing
archaeon from soil. Proceedings of the National Academy of Sciences
of the United States of America, 108(20), 8420-8425. https://doi.
org/10.1073/pnas.1013488108

Treusch, A. H., Leininger, S., Kletzin, A., Schuster, S. C., & Schleper, C.
(2005). Novel genes for nitrite reductase and Amo-related proteins
indicate a role of uncultivated mesophilic crenarchaeota in nitrogen
cycling. Environmental Microbiology, 7, 1985-1995. https://doi.org/
10.1111/j.1462-2920.2005.00906.x

Vajrala, N., Martens-Habbena, W., Sayavedra-Soto, L. A., Schauer, A.,
Bottomley, P. J., Stahl, D. A., & Arp, D. J. (2013). Hydroxylamine as
an intermediate in ammonia oxidation by globally abundant marine
archaea. Proceedings of the National Academy of Sciences of the
United States of America, 110(3), 1006-1011. https://doi.org/10.
1073/pnas.1214272110

Velicer, G. J., & Lenski, R. E. (1999). Evolutionary trade-offs under
conditions of resource abundance and scarcity: Experiments with
bacteria. Ecology, 80(4), 1168-1179. https://doi.org/10.1890/0012-
9658(1999)080%5B1168:ETOUCO%5D2.0.CO;2

Wang, Y., Ma, L, Mao, Y., Jiang, X, Xia, Y., Yu, K., Li, B., & Zhang, T. (2017).
Comammox in drinking water systems. Water Research, 116,
332-341. https://doi.org/10.1016/j.watres.2017.03.042

Wiesmann, U. (1994). Biological nitrogen removal from wastewater.
Advances in Biochemical Engineering/Biotechnology, 51, 51-54.

Yang, Y., Daims, H., Liu, Y., Herbold, C. W., Pjevac, P., & Lin, J. -g (2020).
Activity and metabolic versatility of complete ammonia oxidizers in
full-scale wastewater treatment systems. American Society for
Microbiology, 11(2), 1-15. https://doi.org/10.1128/mBio0.03175-19

Yin, Z., Bi, X., & Xu, C. (2018). Ammonia-oxidizing archaea (AOA) play with
ammonia-oxidizing bacteria (AOB) in nitrogen removal from
wastewater. Archaea, 2018, 1-9. https://doi.org/10.1155/2018/
8429145

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher’'s website.

How to cite this article: Martinez-Rabert, E., Smith, C. J.,
Sloan, W. T., & Gonzalez-Cabaleiro, R. (2022). Biochemistry
shapes growth kinetics of nitrifiers and defines their activity
under specific environmental conditions. Biotechnology and
Bioengineering, 119, 1290-1300.
https://doi.org/10.1002/bit.28045


https://doi.org/10.1016/0378-1097(96)00123-1
https://doi.org/10.1016/0378-1097(96)00123-1
https://doi.org/10.1128/AEM.72.3.2050
https://doi.org/10.1128/AEM.72.3.2050
https://doi.org/10.1128/AEM.02311-07
https://doi.org/10.1128/AEM.02311-07
https://doi.org/10.1038/s41396-019-0443-7
https://doi.org/10.1073/pnas.1013488108
https://doi.org/10.1073/pnas.1013488108
https://doi.org/10.1111/j.1462-2920.2005.00906.x
https://doi.org/10.1111/j.1462-2920.2005.00906.x
https://doi.org/10.1073/pnas.1214272110
https://doi.org/10.1073/pnas.1214272110
https://doi.org/10.1890/0012-9658(1999)080%5B1168:ETOUCO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B1168:ETOUCO%5D2.0.CO;2
https://doi.org/10.1016/j.watres.2017.03.042
https://doi.org/10.1128/mBio.03175-19
https://doi.org/10.1155/2018/8429145
https://doi.org/10.1155/2018/8429145
https://doi.org/10.1002/bit.28045



