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 In most environments, ammonia (NH3) is oxidized to nitrate (NO3
-) via the intermediate 

nitrite (NO2
-). This is a microbe-driven process involving phylogenetically distinct types of 

microorganisms, namely, ammonia-oxidizing bacteria (AOB) and Thaumarchaea (AOA), and 

nitrite-oxidizing bacteria (NOB). Nitrosomonas europaea and Nitrobacter winogradskyi are the 

best studied AOB and NOB, respectively, with a foundation of more than 50 years of 

physiological and biochemical studies. Their genomes have been sequenced and annotated. 

There have been few studies of the two organisms grown together. The significance of this gap 

in knowledge lies in the fact that during nitrification in natural environments, NO2
- rarely 

accumulates, which implies that AOB and NOB activities are intimately coordinated.  However, 

there are alternate abiological and biological sinks for NO2
-, which can result in NO3

- not being 

the end product of nitrification.  In my study, I established chemostats of N. europaea and N. 

winogradskyi both singly and in co-culture under the same conditions (except NOB growth 

medium contained NO2
- instead of NH3). At steady state, estimates were made of cell densities, 



 

 

chemical analysis of the culture medium, and cell samples were collected for RNA extraction. 

Transcriptomic profiles of the co-culture and single culture of N. europaea were compared. Co-

cultures had cell densities one and a half times greater (0.25-0.27 OD600) than the sum of single 

chemostat cultures (0.12 OD600 for N. europaea and 0.05 OD600 for N. winogradskyi). Substrate-

dependent oxygen uptake rates indicated that the population density of N. europaea was about 

4.7-fold greater than N. winogradskyi in the co-culture. This result implies that of the 0.25 OD600 

in co-culture, about 0.21 OD600 was contributed by N. europaea and 0.05 OD600 by 

N. winogradskyi, indicating that the N. europaea benefitted the most from the co-culture 

conditions and that N. winogradskyi did neither better nor worse. Compared to single culture, the 

transcriptome of N. europaea in co-culture showed that mRNA levels of 773 genes (30% of the 

total genome inventory) changed significantly. Genes whose transcripts were present at higher 

levels in the co-culture included the NH3 transporter (amtB), ATP synthase and NADH 

dehydrogenase components, cytochromes, carbonic anhydrase and genes implicated in fatty acid 

biosynthesis. Genes with transcripts expressed at lower levels in the co-culture included genes 

encoding for nitrite reduction (nirK), flagella synthesis, iron receptors, carbon dioxide fixation 

and other carbon assimilatory genes, and genes implicated in stress responses (glutathione 

synthesis, DNA repair and oxidative stress e.g. superoxide dismutase). Both growth and 

transcriptomic data show that N. europaea benefits from the interaction with N. winogradskyi in 

co-culture. 
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An Investigation of Nitrification 

Chapter 1 

1.1 General Introduction 

 The nitrogen cycle consists of a number of processes carried out exclusively by 

microorganisms. These include nitrogen fixation (N2 to ammonia (NH3)), nitrification (NH3 to 

nitrate (NO3
-)), denitrification (NO3

- to N2) and anammox (nitrite (NO2
-) and NH3 to N2) (Jetten, 

et al., 2001, Klotz & Stein, 2008).  

 In the process of nitrification, NH3 is oxidized to NO3
- in two steps, each carried out by 

distinct types of microorganisms. First ammonia-oxidizing bacteria (AOB) and Thaumarchaea 

(AOA) oxidize NH3 to NO2
-, and the second group, nitrite-oxidizing bacteria (NOB), oxidize 

NO2
- to NO3

- (Winogradsky, 1891, Ward, 2011). The process of nitrification is considered to be 

a critical gatekeeper of the nitrogen cycle. For example, anthropogenic synthesis of NH4
+-based 

fertilizers through the Haber-Bosch process has enabled food production to keep abreast with 

the world’s population growth, but has also vastly increased the NH3 inputs to agricultural 

systems (Galloway, 2005). 

 Rapid rates of soil nitrification can result in inefficient use of fertilizer when NH4
+- 

based fertilizers are converted to NO3
- too rapidly. The highly water-soluble ion, NO3

-, tends to 

end up in rivers, lakes, and seas where it promotes algal blooms that decrease O2 to levels that 

are harmful to fish and other animal (Bock, 1986). In addition, the accumulation of NO3
- in 

ground water to high levels makes it unfit for human consumption, as high concentration of 

NO3
- are toxic (Chow, et al., 1980). In engineered systems, such as water-reclamation facilities, 

nitrification reduces the nitrogen load by transforming NH4
+ into NO3

-, which is then 



 

 

2 
transformed by denitrification into nitric oxide (NO), nitrous oxide (N2O) and finally N2 gas. In 

these systems rapid rates of nitrification are critical for the removal of NH4
+ and returning the 

water to a clean and useable form. 

 In general, the microorganisms responsible for nitrification are relatively slow-growing, 

deriving all their cellular components and energy from NH3 or NO2
-. Nitrifiers were initially 

difficult to isolate into pure cultures given their slow growth and susceptibility to heterotrophic 

contamination (Winogradsky, 1891, Ward, 2011). Nitrifiers, and the process of nitrification, 

can be negatively affected by high levels of NH4
+/NH3, extremes of pH, heavy metals, and 

environmental organic pollutants, such as pesticides and industrial wastes. However, in most 

aerobic environments both halves of the nitrification process are well coupled together, i.e. 

NO2
- rarely accumulates. However, in other situations the process can become uncoupled 

resulting in either NO2
- accumulation, or loss of stoichiometry between the amounts of NH4

+ 

oxidized and NO3
- formed. It remains unknown to what extent NH3 oxidizers and NO2

- 

oxidizers interact to ensure a highly efficient and robust process, and to what extent their 

interaction prevents breakdown in coupling and imbalance in the nitrification process. 

1.2 Ammonia Oxidizing Bacteria (AOB) 

 AOB belong either to the Betaproteobacteria (Nitrosomonas and Nitrosospira genera) 

or the Gammaproteobacteria (Nitrosococcus genus). Environmental factors such as pH, NH3 

concentration and salinity delineate ecological niches and AOB distributions (Ward, 2011). 

Nitrosomonas are found in water-reclamation facilities where NH3 concentrations are high, 

while Nitrosospira are found in marine and soil ecosystems where NH3 concentrations are 

relatively low. Nitrosococcus is found in marine environments (Ward, 2011). NH3-oxidizing 

microorganisms face many challenges during growth on NH3. NH3 is toxic to many organisms 



 

 

3 
including some AOB and NOB. Furthermore, high NO2

- inhibits growth of some AOB and 

NOB (Castellani & Niven, 1955, Buchman & Hansen, 1987). At the same time, oxidation of 

NH3 acidifies the growth medium, shifting the equilibrium of NH3  NH4
+ to favor NH4

+  

(pKa 9.25) (Bates, 1949) and AOB cannot oxidize NH4
+ (Suzuki, et al., 1974). The energy 

yield from NH3 oxidation to NO2
- is relatively poor (ΔG0’ = -217kJ/mol). In addition, AOB fix 

CO2 as their major source of cell carbon; a reductant and ATP costly process (Bock, 1986). 

 Genetic and physiological analysis of Nitrosomonas europaea, the model AOB, offers 

some insight into how AOB solve these challenges. Ammonia monooxygenase (AMO) is a 

copper containing membrane bound enzyme that uses NH3, O2, and two electrons from 

reductant to form hydroxylamine (NH2OH), a transient intermediate (Hollocher, et al., 1981). 

A periplasm-localized octaheme-containing hydroxylamine oxidoreductase (HAO) oxidizes 

NH2OH to NO2
- liberating four electrons. Of these electrons, two are used by AMO to support 

further NH2OH production, while the other two electrons are transferred via electron transport 

to reduce O2 to H2O and generate a membrane potential that is used for ATP production. 

Electrons are also required to reduce NADP+ to NADPH primarily for carbon reduction (Bock, 

1986) and other biosynthetic products.  

1.2.1 Nitrite effects on Ammonia oxidizers 

 NO2
- inhibits the NH3 oxidizing activity of AMO (Stein & Arp, 1998). It has been 

speculated that NO2
- might be transformed to NO radicals that form metal-nitrosyl complexes 

that could inactivate AMO (Zumft, 1993, Bonner, 1996). Nitrifier denitrification is a process 

that can decrease NH3 oxidation because it involves reductant consumption via nitrite reductase 

(NirK) to transform NO2
- to NO (Beaumont, et al., 2005). A study involving the use of a NirK 

negative mutant of N. europaea showed that, whereas active NirK conferred protection from 
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NO2

-, NirK deficient mutants grew as well as wild type and still produced NO and N2O 

indicating an alternate source of NO (Beaumont, et al., 2002). Furthermore, neither NO or N2O 

inhibit NH3 oxidation activity (Stein & Arp, 1998). How and when NO2
- inhibits cell growth, 

the mechanism of NirK protection, and the role of nitrifier denitrification in sustaining robust 

NH3 oxidation are still unclear. Another possible way that N. europaea copes with NO2
- 

inhibition is to utilize transporters to prevent cellular NO2
- accumulation. Uptake of NO2

- is 

dependent on transporters, because unlike NH3, NO2
- is a charged ion and otherwise cannot 

cross the membrane. There is evidence for genes encoding various transporters in the genome 

of N. europaea that are involved in NO2
- transport, including a NO3

-/NO2
- transport system 

(NE1737) and a formate/NO2
- transporter (NE0680) (Chain, et al., 2003). However, in most 

environments NO2
- rarely accumulates (Schmidt, 1982) because it is removed by NOB, and 

therefore, that cost might be negated when AOB and NOB are intimately associated. 

1.3 Nitrite Oxidizing Bacteria (NOB) 

 NOB have diverse phylogenetic origins; they are found in the Alphaproteobacteria 

(genus Nitrobacter), Betaproteobacteria (genus Nitrotoga), Deltaproteobacteria (genus 

Nitrospina), Gammaproteobacteria (genus Nitrococcus), and Chloroflexi (genus Nitrolancetus) 

and the genus Nitrospira occupies its own taxon. Nitrobacter has been isolated from various 

environments, whereas Nitrospina and Nitrococcus are exclusively found in marine 

environments. Nitrospira is the most ubiquitous NOB and is the major NOB in wastewater-

treatment facilities. Nitrotoga was isolated from permafrost. Nitrobacter is the genus most well 

studied, since isolates have the capacity to grow on high concentrations of NO2
- and to 

relatively high cell densities (Ward, 2011).  
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1.3.1 Physiology of NOB 

 The key energy-generating enzyme of NOB is nitrite oxidoreductase (NXR). The 

genome of Nitrobacter winogradskyi has two copies of NXR (Starkenburg, et al., 2006). NXR 

is found as a membrane complex that can catalyzes the oxidation of NO2
- to NO3

- in the 

presence of O2 (Yamanaka & Fukumori, 1988) The reverse reaction can also occur under 

anaerobic conditions in the presence of either pyruvate or glycerol as electron donors 

(Sundermeyerklinger, et al., 1984). NXR contains iron-sulfur clusters and a molybdopterin    

co-factor (Ingledew & Halling, 1976). The genome of N. winogradskyi codes for NO3
-/NO2

- 

and formate/NO2
- transporters (Starkenburg, et al., 2006). 

 Whereas the oxidation of NO2
- to NO3

- is obviously a suitable energy generating 

process, there is also information suggesting that reduction of NO2
- can occur under some 

conditions, and this might serve the purpose of removing NO2
-. N. winogradskyi has a gene 

encoding for nitrite reductase (nirK) but lacks nitric oxide reductase (NOR) (Starkenburg, et 

al., 2006). NirK expression increases in the presence of high concentrations of NO2
- and low 

concentrations of O2.  It was observed that NO2
- dependent O2 uptake was inhibited in the 

presence of NO, and NO2
--dependent O2 uptake able to continue only after NO was completely 

consumed (Starkenburg, et al., 2008). Blocking reduction of O2 with NO would divert these 

electrons for other purposes such as further reduction of NO2
- to NO (Starkenburg, et al., 

2008), and generation of a reductant pool (Wood, 1978). An enlarged reductant pool can be 

utilized to make polyhydroxybutyrate (PHB) granules which accumulate in Nitrobacter grown 

under O2 limitation (Freitag, 1987). 
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1.3.2 Carbon metabolism 

 It is estimated that 80% of the energy generated by AOB goes towards CO2 fixation 

(Kelly, 1978). Both N. europaea and N. winogradskyi rely on the Calvin cycle for carbon 

fixation (Chain, et al., 2003, Starkenburg, et al., 2006). Ribulose 1,5-bisphosphate 

carboxylase-oxygenase (RuBisCO) is the enzyme that fixes one carbon dioxide (CO2) 

molecule into organic carbon at a cost of 3 ATP and 2 NADPH. Additional costs are accrued 

during CO2 fixation because approximately 25% of all RuBisCO catalytic reactions involve O2 

reduction instead of CO2 fixation (Griffiths, 2006, Leegood, 2007). There is evidence from the 

genomes of both N. europaea and N. winogradskyi for their ability to compensate for RuBisCO 

oxidation activity.  Both genomes encode for carbonic anhydrase (NE0606, NE1926, Nwi2172, 

Nwi2792), which converts bicarbonate (HCO3
-) into CO2 thereby potentially increasing the 

carboxylating efficiency of RuBisCO. Furthermore, N. winogradskyi synthesizes 

carboxysomes, which are compartments that contain RuBisCO and are hypothesized to 

concentrate CO2 thereby increasing the bias for RuBisCO carboxylation (Starkenburg, et al., 

2006). Genes for carboxysomes are absent in the genome of N. europaea (Chain, et al., 2003). 

Enhanced uptake of CO2 would increase carbon fixation. A Nit/Tau transporter couples NO2
- 

and HCO3
- transport in N. europaea. In Chlamydomonas and wheat and pea chloroplast, NO2

- 

uptake is inhibited by high concentrations of HCO3
- (Bloom, et al., 2010). If high 

concentrations of NO2
- inhibit HCO3

- uptake in N. europaea, decrease of NO2
- concentration in 

the co-culture (NOB activity), could enhance HCO3
- uptake and stimulate CO2 fixation in 

N. europaea. 

 Alternatively, uptake and metabolism of small organic carbon molecules could reduce 

the demand of CO2 fixation. Transporters for the import of common carbon metabolites 
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(succinate and malate), and some amino acids are present in the N. winogradskyi genome 

(Starkenburg, et al., 2006). Growth stimulation of N. winogradskyi by yeast extract, peptone, 

casamino acids, pyruvate, acetate, α-ketoglutarate and glycogen has been documented. 

Incorporation of carbon metabolites might reduce the need for CO2 fixation (Delwiche & 

Finstein, 1965, Smith & Hoare, 1968, Steinmuller & Bock, 1976, Freitag, 1987). N. europaea 

can also use small organic molecules, like fructose, pyruvate, acetate, α-ketoglutarate, 

succinate and amino acids (Wallace, et al., 1970, Krummel & Harms, 1982, Martiny & Koops, 

1982, Hommes, et al., 2003, Schmidt, 2009). 

1.3.3 Ammonia inhibition of NOB 

 Presence of free ammonia (NH3) is inhibitory to NOB in reactors containing undefined 

nitrifying populations (Anthonisen, et al., 1976, Bae, et al., 2001, Kim, et al., 2006), but 

acclimation to NH3 has been observed (Sutherson, 1986, Turk, 1989) as long as the high NH3 

concentrations are kept constant (Villaverde, et al., 2000). It is possible that NOB benefit from 

an association with AOB if the latter maintain NH3 at a low concentration. 

1.4 Co-culture studies and putative AOB-NOB interactions 

 Evidence for the close association of AOB and NOB comes from fluorescent in situ 

hybridization (FISH) studies of nitrifier communities, where AOB and NOB are attached to 

each other (Kim, et al., 2006). However sources of competition can also be anticipated from 

AOB-NOB interactions. For example, Laanbroek and Gerads (1993) found that N. europaea 

had a higher affinity for O2 than N. winogradskyi and O2 limitation resulted in NO2
- 

accumulation. Relative numbers of N. europaea increased by decreasing O2 concentrations. A 

higher total growth rate was biased towards N. europaea growth. The ratio of AOB/NOB 

varied from 0.37 to 170 depending on the conditions (Laanbroek & Gerards, 1993). Montras et 



 

 

8 
al. (2008) found that the AOB/NOB ratio varied along a packed bed reactor, with N. europaea 

being dominant in the NH4
+ and O2 rich zone (Montras, et al., 2008). Winkler et al. (2012) 

found that acetate-fed reactors containing undefined nitrifying cultures maintained ratios of 

0.33-0.25 AOB/NOB while a 5:1 ratio was found in a reactor without acetate (Winkler, et al., 

2012). 

1.5 Statement of research objectives 

 (1) To establish stable chemostat co-cultures of N. europaea and N. winogradskyi, and 

chemostats containing single cultures of either N. europaea or N. winogradskyi under 

comparable conditions.  

(2) To compare growth parameters and substrate/product balances of the co-culture and single 

culture chemostats.  

(3) To determine the relative contributions of AOB and NOB to the co-culture. 

(4) To analyze and compare the full transcriptomes of co-cultures and single cultures in 

chemostats using mRNAseq. 
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Chapter 2 

 

Transcriptome profiling of Nitrosomonas europaea grown singly and in co-culture with 

Nitrobacter winogradskyi. 

 

 



 

 

10 
2.1 Abstract 

Nitrosomonas europaea was grown in chemostats singly and in co-culture with Nitrobacter 

winogradskyi. Growth parameters and mRNA levels were analyzed to determine if 

N. europaea showed measurable differences singly and co-culture. Co-culture growth in a 

medium containing 60 mM NH4
+ resulted in a total cell density about one and a half-fold 

greater (0.25 OD600) than the sum of the densities in single chemostat cultures i.e. 0.12 OD600 

for N. europaea and 0.05 OD600 for N. winogradskyi, when grown at 60 mM concentrations of 

NH4
+ or NO2

-, respectively. NO2
-- and NH4

+-dependent O2 uptake rates of the co-cultures were 

determined and used to estimate that N. europaea contributed 0.20 OD600 and N. winogradskyi 

0.05 OD600 to the co-culture, indicating that the increase in cell growth in co-culture was due 

mainly to N. europaea. Compared to single culture, the transcriptome of N. europaea in        

co-culture showed that mRNA levels of 773 genes (30% of the total genome inventory) 

changed significantly. Genes whose transcripts were present at higher levels in the co-culture 

included the NH3 transporter (amtB), ATP synthase, NADH dehydrogenase components, 

cytochromes, carbonic anhydrase, and genes implicated in fatty acid biosynthesis. Genes with 

transcripts expressed at lower levels in the co-culture included genes encoding for nitrite 

reduction (nirK) flagella synthesis, iron receptors, carbon fixation related genes, and genes 

implicated in stress responses (glutathione synthesis, DNA repair and oxidative stress). Both 

growth and transcriptomic data show that N. europaea benefits from the interaction with 

N. winogradskyi in co-culture. 
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2.2 Introduction 

  Nitrification is the aerobic microbial process in which ammonia (NH3) is oxidized to 

nitrate (NO3
-). Nitrification is carried out sequentially in two steps by the action of two groups 

of mostly chemolithoautotrophic bacteria. In the first step, ammonia-oxidizing bacteria (AOB) 

extract energy for growth from the oxidation of NH3 to nitrite (NO2
-). In the second step, 

nitrite-oxidizing bacteria (NOB), oxidize the NO2
- to NO3

- and extract energy for growth 

(Bock, 1976). In aerobic ecosystems, these two distinct functional types of bacteria tend to 

work in concert and in most situations NO3
- accumulates rather than NO2

- (Follett & Delgado, 

2002, Casciotti & Buchwald, 2012). It has been proposed that AOB and NOB interact to affect 

nitrification in a synergistic manner (Costa, et al., 2006, Starkenburg, et al., 2008). To 

illustrate, NO2
- accumulation can be inhibitory to the AOB, Nitrosomonas europaea (Bae, et 

al., 2001, Kim, et al., 2006), and high levels of NH3 are inhibitory to NOB (Anthonisen, et al., 

1976). When NO2
- accumulates to a high concentration N. europaea carries out nitrifier 

denitrification (Stein & Arp, 1998, Schmidt, et al., 2004), an energetically costly process. It is 

logical to hypothesize that the growth of N. europaea would be favored by the presence of the 

NOB. AOB respiration would also benefit NOB by providing a consistent supply of NO2
- as a 

source of energy and lowering NH4
+ concentrations below toxic levels. In contrast, AOB and 

NOB have different affinities for O2, with Nitrobacter winogradskyi (NOB) being less 

competitive than N. europaea (AOB). N. winogradskyi might be at a disadvantage to AOB 

under low O2 conditions (Laanbroek & Gerards, 1993). It is estimated that for every mole of 

CO2 fixed, AOB utilize 25-30 moles NH3, while NOB utilize 85 to 115 moles NO2
- (Bock E, 

1986). Cross feeding may be possible between AOB and NOB, with the latter potentially 

receiving the most benefit. N. europaea has been shown to incorporate carbon from organic 
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nitrogen and carbon compounds (Clark & Schmidt, 1967, Krummel & Harms, 1982, Hommes, 

et al., 2003). It is also known that growth of N. winogradskyi is enhanced by yeast extract–

peptone (Steinmuller & Bock, 1976). Still, the modes of action by which small organic 

molecules enhance the growth of nitrifiers remain unknown. 

  In an effort to establish whether there are interactions between AOB and NOB in the 

process of nitrification, N. europaea and N. winogradskyi were co-cultured with NH3 as the 

sole growth substrate. The transcriptome profile of N. europaea grown singly and in co-culture 

with N. winogradskyi was examined to determine if it would provide clues to the adaptations 

that might occur in co-culture. 

2.3 Materials and Methods 

2.3.1 Cultivation and chemostat operation 

  Nitrosomonas europaea (ATCC 19718) and Nitrobacter winogradskyi (ATCC 25391) 

were grown in either batch, or continuous culture in chemostats. Batch growth medium for 

N. europaea contained 25 mM (NH4)2SO4, 0.75 mM MgSO4, 0.1 mM CaCl2, 

75.9 mM phosphate, 2.6 mM Na2CO3 and the following trace minerals: 9.9 µM FeCl3, 

5.0 µM CuSO4 (Ensign, et al., 1993). Batch growth medium for N. winogradskyi contained 

30 mM NaNO2, 0.75 mM MgSO4, 0.2 mM CaCl2, 4.1 mM phosphate, 0.28 mM Na2CO3 and 

trace metals: 9.9 µM FeCl3, 10.0 µM CuSO4 0.6 µM Na2Mo4O4, 1.59 µM MnCl2, 0.6 µM 

CoCl2, 0.096 µM ZnCl2. The pH of the medium of N. winogradskyi was adjusted to pH 7.6 

with H2SO4. 

For the chemostat cultures, the media consisted of 60 mM NH4Cl, 0.75 mM MgSO4, 

0.1 mM CaCl2, 5 mM phosphate, 0.34 mM Na2CO3 and trace metals: 9.9 µM FeCl3, 

5.0 µM CuCl2 0.6 µM Na2Mo4O4, 1.59 µM MnCl2, 0.6 µM CoCl2, 0.096 µM ZnCl2. In 
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chemostat co-culture conditions, growth of N. winogradskyi is dependent on the conversion of 

NH3 to NO2
- by N. europaea. When N. winogradskyi was grown singly in the chemostat, the 

N. europaea growth medium was used, except 60mM NaNO2 was used in place of most of the 

NH4Cl with 1mM NH4Cl being left to meet nitrogen growth needs. Steady state co-culture 

chemostats usually contained a residual of 1mM NH4
+. 

  The chemostats (Figure 1) were assembled in glass vessels (Bellco Bio-probe Ca No. 

1965-97001) (1 liter culture media and another 1 liter head space) and maintained in steady 

state at a hydraulic retention time of ~5 days (200ml/day) at 30°C. Aeration (70% O2 

saturation) was provided by stirring with an impeller at ~100 rpm. A pH of 7.5 +/- 0.1 was 

maintained with a pH controller (Alpha pH 560; Eutech Instruments/Thermo Scientific) and a 

pH probe (pH Fermprobe; Bradley-James Corp) to supply automatic additions of an aqueous 

solution of Na2CO3 (10% w/v) as necessary. Growth of the cultures was monitored routinely 

by estimating cell density at 600 nm in a Beckman spectrophotometer and by measuring the 

accumulation of NO2
- and NO3

- in the spent medium. The concentrations of NO2
- and NO3

- 

were estimated after separation by column chromatography using an HPLC equipped with a 

Peek WESCAN anion/s IC column-MF 100 x 4.6 mm (GRACEVYDAC Cat. 269012) and a 

Waters 484 UV detector monitoring at 210 nm. NH3/NH4
+ was quantified by the method of 

(Qiu, et al., 1987) as follows. Three stock solutions were prepared: (1) sodium nitroprusside 

(10g/L H2O), (2) salicylic acid/trisodium citrate stock solution consisting of (50g of salicylic 

acid, 50g of trisodium citrate and 175ml 2M NaOH adjusted to 1L with H2O) and (3) a sodium 

hypochlorite stock solution prepared fresh for each assay (942 µl NaOH 2M and 58µl Chlorox 

bleach). A chemostat sample was centrifuged to remove cells, the supernatant was diluted 1:10 

in 2M KCl. To the 1ml aliquots of the KCl solution the following was added: 20 µl sodium 
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nitroprusside, 20 µl sodium hypochlorite solution, and 200µl salicylic acid/trisodium citrate. 

After 1 hour, absorbance was measured at 679.5 nm in the spectrophotometer.  

 Potential contamination of the chemostat cultures by heterotrophic bacteria was 

periodically monitored by plating 1ml of culture onto Luria-Bertani agar plates followed by 

incubation at 37°C for at least 18 hr. Contaminated cultures were discarded. 

2.3.2 Determination of the relative cell masses of AOB and NOB in co-culture 

 The proportions of N. europaea and N. winogradskyi in the co-cultures were 

determined by measuring NH4
+- and NO2

--dependent O2 uptake. Since both AOB and NOB 

contributed to the activity NH4
+-dependent O2 uptake consists of both AOB and NOB activity, 

NO2
--dependent O2 uptake was subtracted from the NH4

+-dependent O2 uptake to obtain the 

AOB contribution to O2 uptake. The measurements were made in a Clark-style O2 electrode 

(Yellow Springs Instrument Co. Yellow Springs, OH) mounted in a reaction vessel (1.5 ml) at 

30°C. Because total NH4
+-dependent O2 uptake rates were greater than NO2

--dependent O2 

uptake, cell suspensions from the co-culture chemostat were diluted prior to determining the 

NH4
+ dependent rate. To measure NO2

--dependent O2 uptake, cell suspensions were 

concentrated. Three dilutions of cell suspensions were prepared for measurement of total 

NH4
+-dependent O2 uptake (¼ fold, ½ fold and undiluted). Three concentrations of cell 

suspensions were prepared for determination of NO2
--dependent O2 uptake (2-fold, 4-fold and 

8-fold concentrated), relative to the chemostat.  

 Total NH4
+-dependent O2 uptake was determined by adding 25µl of 2M NH4Cl 

(33 mM NH4
+ final concentration) to an aliquot of a specific suspension of cells placed in the 

O2 electrode chamber. To determine the NO2
--dependent O2 uptake 25µl aliquots of 2M 

NaNO2 (33 mM NO2
-
 final concentration) were used. After each O2 uptake trace had been 
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obtained, a fresh aliquot was taken from the chemostat, diluted (or concentrated) and added to 

the O2 chamber. Within 5 hrs, all measurements had been determined. The calculated rates of 

O2 uptake (Table 2) for each nitrifier in the co-culture, and the ratio of these rates were 

compared to the theoretical ratio value of 3:1 that would be associated with the respiration of 1 

NH4
+ being oxidized to 1 NO2

- (1.5 O2) by N. europaea followed by oxidation of 1 NO2
- to 1 

NO3
- (0.5 O2) by N. winogradskyi. This calculation provides estimate of the ratio of N. 

europaea to N. winogradskyi biomass in the co-culture. 

2.3.3 RNA preparation and transcriptomics 

  Different amounts of culture were sampled from chemostats, depending on the RNA 

extraction yield. While only 20 ml sufficed for RNA extraction of the co-culture, 200 ml of the 

single culture N. europaea and 1,000 ml of the single culture N. winogradskyi were used. The 

cells were concentrated in a Beckman J2-21 by refrigerated centrifugation at ~9,000 g for 12 

minutes. Total RNA was prepared from three biological replicates (i.e. from three separate 

chemostats) using a FastRNA kit and following the instruction of the manufacturer (MP 

Biomedicals, Solon, OH). The amounts of RNA were calculated using a Nanodrop 

spectrophotometer (Nanodrop Technologies, Rockland, DE). The rRNA was from the RNA 

preparations with a MICROBExpress RNA isolation kit as described by the manufacturer 

(Ambion/Life Technologies, NY, USA). Quality of rRNA removal was assayed using a 6000 

Nano Lab-Chip kit and an Agilent Bioanalyzer. (Agilent Technologies Inc., Palo Alto, CA). 

Each mRNA-Seq library was prepared using 200 ng of enriched mRNA and an Illumina 

targeted RNA expression kit. The cDNA library was sequenced with a MiSeq benchtop 

sequencer (Illumina, San Diego, CA) at the Center for Genome Research and Biocomputing 

Core Laboratories at Oregon State University. Reads from the sequencer were aligned with 
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bowtie 2.1.0 (http://bowtie-bio.sourceforge.net/ bowtie2/manual.shtml) as pairs. Low quality 

bases were trimmed from both reads in a pair. Basic rules of filtering alignments were applied, 

i.e. fewer than two mismatches in a pair with no more than 300 bp between two reads in a pair. 

For differential expression statistics, reads with high similarity to rRNA genes were removed 

to avoid skewing of the data. Alignment of co-culture reads to both the N. europaea and the 

N. winogradskyi genomes allowed the in-silico segregation of the mRNA of the two nitrifiers 

in the co-culture.  

2.3.4 Nitrosomonas europaea transcriptome analysis 

  For each biological treatment, the fold-changes in mRNA levels were calculated and 

expressed as log base two. For example log2 = 3, is equivalent to eight-fold difference in 

amount of transcript. Differences in transcript expression between co-culture and single 

cultures were considered statistically significant at a p-value < 0.05 (Figure 3). The mRNA 

levels of selected genes were also determined by qRT-PCR (Table 5) in the same samples for 

each single or co-culture condition using three biological replicates. The qRT-PCR reactions 

were carried out in a MyiQ real-time PCR system with SYBR-Green-I-based detection kits 

following the directions of the manufacturer (Bio-Rad Laboratories, Hercules, CA) and 

normalized against the abundance of AMO-B2 (NE2062) transcripts. The genes selected for 

confirmation and appropriate primers are listed in Table 4. Fold change in qRT-PCR was 

calculated as 2‾ΔΔCt and as described (Livak & Schmittgen, 2001, Pfaffl, 2001). 
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2.4 Results and Discussion 

2.4.1 Chemostat establishment 

 Single culture chemostats of N. europaea were initiated in batch mode by inoculating 

with 3% vol/vol of an active batch culture (Figure 1). Typically, 57 mM NH4
+ was consumed 

within 4 days. At this time, flow of growth medium containing 60 mM NH4
+ was initiated and 

gradually increased to a final flow rate of 200 ml/day (Figure 2A). A steady state N. europaea 

pure culture chemostat produced between 50 to 57 mM NO2
- and achieved an OD600 that 

ranged between 0.11 and 0.13 (Table 1). In a similar manner, a chemostat of N. winogradskyi 

was established with a growth medium containing 60 mM NO2
- and 1 mM NH4

+. Once stable, 

the chemostat culture produced 60 mM NO3
- and maintained an OD600

 of 0.04 to 0.06 

(Figure 2B). During co-culture chemostat set up three phases were observed (Figure 2C). First, 

the chemostat vessel was inoculated with both N. europaea and N. winogradskyi (3% vol/vol 

of each) in medium containing 60 mM NH4
+ and left in batch mode until N. europaea had 

produced approximately 45 to 50 mM NO2
-. At this point (day 4) N. winogradskyi began to 

consume NO2
- and the flow rate of growth medium (60 mM NH4

+) was gradually increased to 

200ml/day. Twelve days were required for the chemostat culture to reach steady state, as 

defined by a constant concentration of NO3
- (53-59 mM) in the outflow, and a constant OD600 

of 0.25 - 0.27 (Table 1). 

  Interestingly, the co-culture reached cell densities that were approximately one and a 

half-fold higher than the additive cell densities achieved in the individual chemostat cultures of 

N. europaea (0.12 OD600) and N. winogradskyi (0.05 OD600) provided with the same amount 

(60 mM) of their respective substrates (Table 1). Similarly, the protein concentration of the co-
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culture was greater than the sum of the concentrations found in the single cultures of 

N. europaea and N. winogradskyi (Table 1). This observation led me to attempt to determine 

the relative cell densities of N. europaea and N. winogradskyi in the co-culture using NH4
+ and 

NO2
- dependent O2 uptake rates. 

The theoretical ratio 3:1 is the O2 uptake associated with the oxidation of 1 mole of 

NH3 to 1 mole of NO2
- by N. europaea, and the oxidation of 1 mole of NO2

- to NO3
- by 

N. winogradskyi. The ratio of O2 uptake rates by N. europaea and N. winogradskyi in the       

co-culture was determined to be approximately 14:1. This value extrapolates to a ratio of 

AOB: NOB of about 4.7:1. Given a typical co-culture with an OD600 value of 0.26, this 

extrapolates to relative OD contributions of N. europaea and N. winogradskyi to the co-culture 

of 0.21 : 0.05, respectively (Table 2). This implies that the enhanced growth of the co-culture 

was entirely due to growth of N. europaea, while N. winogradskyi growth did not change 

significantly from its value in a single chemostat culture.  

2.4.2 The transcriptome response of N. europaea to co-culture with N. winogradskyi 

 Cells harvested from the chemostats produced total RNA yields between 5 and 33 µg. 

The RNA samples used for the RNA-seq processing were depleted of rRNA (0.4 – 5.0 µg 

mRNA) and contained <10% contaminating rRNA allowing for a comparative analysis of the 

whole transcriptome of cells in co-culture to the single culture. The analysis of mRNA-seq data 

showed that the bulk (~99 %) of the reads corresponded to N. europaea and few originated 

from N. winogradskyi (~1 %). Increasing the amount of cell biomass used for RNA extraction, 

increasing the number of RNA extraction columns, and testing alternate cell lysis techniques 

failed to provide sufficient RNA for N. winogradskyi trasncriptome analysis. As a 
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consequence, efforts were focused on comparing the transcriptome profiles of N. europaea in 

chemostats singly and in co-culture with N. winogradskyi. 

 After alignment of the cDNA to the genome, 74 genes had no reads assigned to them. 

Of the 2,574 genes in the N. europaea genome, transcript levels of 773 (30%) were found to be 

significantly different in co-culture relative to single culture (p-value < 0.05). Of those genes, 

349 genes (45%) and 424 genes (55%) were present at higher and lower levels relative to the 

single culture, respectively (Table 3 and Figure 3). 

 The mRNA levels of the AMO (NE0943-0945, NE1411, NE2062-2064) and HAO 

(NE0962, NE2049, NE2339) were lower in the co-culture than in single culture, yet, 

considered insignificant, (p-value > 0.05). The mRNA levels of genes involved in respiration 

and electron transport encoding for the NADH dehydrogenase complex (NE1764-1775), 

various cytochromes (NE0683-0684, NE0735-0736, NE0766-0767, NE0769-0772, NE1013-

1015) including cytochrome c 552 (NE0102), and the ATP synthase complex (NE0201-0209), 

were present at higher levels in the co-culture than in the single culture (Table 3). Higher levels 

of transcripts of representatives of the above genes: NADH dehydrogenase (NE1764, 

NE1767), ATP synthase (NE0202, NE0207) and lower levels of AMO-B2 (NE2062) were 

confirmed in co-culture by qRT-PCR (Table 5). The higher levels of these mRNAs hint to 

greater need for electron transport and ATP production to achieve the higher cell mass of 

N. europaea in co-culture. Transcripts of the NH3 transporter gene amtB (NE0448) were at 

higher levels in N. europaea co-culture compared to single culture (Table 3). 

 In co-culture the transcripts of genes required for sulfate transport and reduction 

(NE0575-0578, NE0582, NE0852-0853, NE0857) were higher than in single culture (Table 3). 

In contrast, genes involved in biosynthesis of sulfur containing metabolites were at lower 
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levels in the co-culture: for example, genes encoding cysteine (NE1443, NE1695), methionine 

(NE1697, NE2186), thiamine (NE2391), biotin (NE0026, NE2296-2300) and Fe-S cluster 

assembly (NE1452). The exception being (NE2377), a gene encoding for a 2Fe-2S 

homeostasis regulator, which is higher in the co-culture (Table 3). It is possible that the 

apparent increase of sulfur incorporation by co-culture N. europaea coincides with the need of 

Fe-S clusters required by elevated levels of enzymes involved in electron transport chain and 

energy generation. NADH generated could be used to increase the NAD(P)H biosynthetic 

reductant pool as transcripts for NAD(P)+ transhydrogenase (NE0860-0861) were higher in the 

co-culture (Table 3). 

 To support higher cell densities in the chemostat, N. europaea must assimilate more 

carbon. Yet, in contrast to the increase in transcript levels of genes involved in energy 

generation, there were lower levels of transcripts for genes involved in CO2 assimilation in co-

culture e.g., RuBisCo (NE1918-1921), ribose-5-phosphate isomerase (NE1743), transaldolase 

(NE2136) and ribulose-phosphate 3-epimerase (NE2148) (Table 3). Clues of other 

modifications in carbon assimilation in co-culture came from a higher level of transcripts for 

carbonic anhydrase (NE1926), which converts HCO3
- to CO2 (Table 3), and of reduced levels 

of transcripts of glycolate oxidase in the glycolate pathway (NE0673-0675, NE2126) and of 

the anaplerotic enzyme PEP carboxylase (NE0589) (Table 3). The glycolate pathway is needed 

to salvage carbon when O2 levels are elevated relative to CO2, and RuBisCO use of O2 as a 

susbtrate converts ribulose 1,5 bisphosphate into phosphoglycolate. Improved efficiency of 

CO2 fixation by RuBisCO would potentially necessitate less transcription of the genes for the 

enzyme. Down regulation in expression levels of genes for RuBisCo (NE1919-1920) and PEP 

carboxylase (NE0589) were confirmed by qRT-PCR (Table 5).  
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In the unicellular alga, Chlamydomonas, and wheat and pea chloroplasts it was found 

that the ability of NO2
-/HCO3

- transporter to translocate NO2
- is decreased by high HCO3

- 

concentrations (0.3 mM). If it is possible that the high concentration of NO2
- (50-57 mM) 

present in the single culture of N. europaea might inhibit HCO3
- uptake, then N. europaea in 

single chemostat culture might be limited for carbon dioxide, but not in the co-culture (0 mM 

NO2
-). If true, then lower levels of expression of RuBisCO and NO2

- transporters could be 

anticipated in the co-culture relative to the single culture. Lowered levels of RuBisCO and 

NO2
- transporters (NE0977, NE1195, NE1736) were observed in the co-culture relative to the 

single culture. 

 Significant changes were detected in expression of genes involved in glycolysis and the 

TCA cycle. Genes expressed at higher levels in the co-culture included: 

fructose 1,6 bisphosphate aldolase (NE0324), pyruvate kinase (NE0325), phosphoglycerate 

kinase (NE0326), triosephosphate isomerase (NE1776) and malate dehydrogenase (NE0773), 

while those at lower levels in the co-culture include: phosphoglucomutase (NE1895), 6-

phosphofructose kinase (NE1934), citrate lyase (NE1809) and ATP citrate lyase (NE1810). 

Transcriptomic changes of representatives of these genes were confirmed by qRT-PCR 

including phosphoglycerate kinase (NE0326), malate dehydrogenase (NE0773), citrate lyase 

(NE1809) and ATP citrate lyase (NE1810) (Table 3). 

 Further evidence for modified carbon assimilation may be inferred from the higher 

levels of transcripts of genes involved in fatty acid biosynthesis in the co-culture such as: 

acetyl-CoA carboxylase carboxyl transferase (NE0695), 3-oxoacyl-ACP synthase (NE1646), 

malonyl CoA-ACP transacylase (NE1647), short-chain dehydrogenase/reductase (NE1648), 

acyl carrier protein (NE1649), beta-ketoacyl synthase (NE1650), fatty acid desaturase 
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(NE2233) and lower levels of fatty acid ß oxidation genes such as: acyl CoA dehydrogenase 

(NE1548), acyl CoA synthetase/ligase (NE1549) and acyl CoA synthetase (NE2341) (Table 3). 

N. europaea has an extensive network of intracytoplasmic membranes, and higher levels of 

expression of genes involved in membrane synthesis would correlate with increased expression 

of genes implicated in energy production. Enhanced carbon fixation and co-culture N. 

europaea cell yield can be reflected in protein synthesis, as there was an elevated levels of 

transcripts for genes coding 30-50S ribosomal proteins (NE0195-0198, NE0390, NE0401-

0429, NE0955-0956, 2047-2050).  

2.4.3 Lack of nitrite accumulation might influence enhanced growth of N. europaea in   

co-culture 

  It is known that N. europaea responds to the accumulation of NO2
- (Stein & Arp, 1998) 

by inducing the expression of nitrite reductase (NirK: encoded by NE0924-0928), which 

reduces NO2
- to nitric oxide (NO), and which is transformed subsequently to nitrous oxide 

(N2O) by nitric oxide reductase (Nor) (Arp & Stein, 2003, Schmidt, et al., 2004, Cantera & 

Stein, 2007). Higher transcript levels of NirK and NorYS genes (NE0683-0684) are expected in 

single culture as a response of N. europaea to accumulation of high NO2
- concentrations. 

Whereas an average of 0-1 mM NH4
+ and 53-59 mM NO3

- were measured in steady state co-

cultures (implying effective transformation and retention of most of the oxidized nitrogen), 

lower levels of NO2
- were routinely measured in single cultures of N. europaea (50-57 mM 

NO2
-) and 0-1 mM NH4

+ (Table 1). The fate of the “missing” nitrogen is unknown, in 

particular of the N. europaea single cultures, but is possible that NO2
- reduction to NO by NirK 

activity occurred. Indeed in single chemostat cultures of N. europaea the mRNA levels for 

NirK were at higher levels (8 fold) than in co-culture (Table 3). In contrast to NirK, transcripts 
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encoding for the NO reductase NorYS (NE0683-0684) were found at higher levels (1.62 and 

1.85 fold) in co-cultures. Clearly, further research is needed to unravel the question of 

“missing” nitrogen, and the role of nitrifier denitrification. 

 Cells exposed to the high NO2
- concentrations (50-57mM) seen in the single culture 

might express genes for NO2
- transporters to keep NO2

- out of the cell.  Indeed, transcripts for 

NO2- transporters (NE0977, NE1195, NE1736) were at higher levels in the single cultures of 

N. europaea. 

In co-culture, the mRNA levels for genes encoding flagella biosynthesis (NE0308-

0309, NE0460-0461, NE0463, NE1751, NE2081, NE2087-2088, NE2488) were at lower 

levels than in single culture (Table 3). One can speculate that the high level of NO2
- in single 

culture might trigger the synthesis of flagella as part of a strategy to move away from high 

concentrations of toxic NO2
-. Perhaps it is the combination of energy used to exclude NO2

- 

from the cell, combined with motility, and NO2
- reduction that account for the lower growth 

efficiency in the single culture of N. europaea. The transcriptome also provided evidence that 

N. europaea was under less stress in the co-culture than in single culture. For example, the 

genes involved in DNA repair: recombinase A (NE1932), excinuclease (NE2455), DNA 

helicases (NE2520, NE2564) and those involved in stress response: stringent response 

(NE0649), superoxide   dismutase (NE0870), monothiol glutaredoxin (NE1911), universal 

stress protein (NE2292), glutathione (NE0104, NE1294, NE1331, NE1908) and ubiquinone 

synthesis (NE1669, NE2547) were present at lower levels in the co-culture (Table 3). 

 Although N. europaea has multiple genes for siderophore receptors and transporters, it 

lacks genes for siderophore synthesis (Vajrala, et al., 2010). N. europaea  has a high demand 

for iron as it needs to synthesize a large number of cytochromes and the octaheme-containing 
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hydroxylamine oxidoreductase (HAO) (Vajrala, et al., 2011). Since there is evidence of 

siderophore producing genes in the genome of N. winogradskyi (Starkenburg, et al., 2006), N. 

europaea could benefit from these. Perhaps decreased expression of several iron transport-

related genes, e.g. siderophore receptors (NE0535, NE0616-0617, NE0731, NE0979, NE1070-

1071, NE1078-1079, NE1095, NE1101-1102, NE1190-1191, NE1205-1206, NE1208-1211, 

NE1216- 1218, NE1531, NE1721, NE1992, NE2124, NE2138-2139, NE2434-2435, NE2486) 

in co-culture is a reflection of modified iron acquisition in co-culture, and also possibly linked 

to decreased oxidative stress in the co-culture (Table 3). 

  In summary, a comparison of culturing N. europaea and N. winogradskyi both singly 

and in co-culture under defined chemostat conditions revealed the benefits given primarily to 

N. europaea from an enhanced cell yield perspective, and also showed how the transcriptome 

differed under co-culture and single culture conditions. Clearly, this work provides a useful 

background to build on to determine if the shifts in transcriptome are manifested in changes in 

specific aspects of the metabolism of N. europaea. 
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FIGURES: 

 
Figure 1: Chemostat set-up. 
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Figure 2: Growth of N. europaea and N. winogradskyi in chemostats. A) N. europaea single 
culture chemostat. (B) N. winogradskyi single culture chemostat. (C) Co-culture chemostat.  
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Figure 3: Transcriptomic profile of gene classes that are significantly changed in N. europaea 
when in co-culture with N. winogradskyi. Bars in grey represent the number of genes that were 
at a higher level in the co-culture relative to the single culture for each functional class, bars in 
black represent the number of genes that were at a lower level in the co-culture relative to the 
single culture for each functional class. 
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TABLES: 

Table 1: Mass balance of the chemostats. 

 
 N. europaea N. winogradskyi Co-culture 

NH4
+ in feeda 60 1 60 

NO2
- in feeda ND 60 ND 

NH4
+ in effluenta 0-1 ND 0-1 

NO2
- in effluenta 50-57 0-1 0-1 

NO3
- in effluenta ND 59-61 53-59 

Cell densityb 0.11-0.13 0.04-0.06 0.25-0.27 
Protein concentrationc 14 9 26 

 
a concentration in mM 
b cell density measured as OD 600 
c µg protein/ml culture 
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Table 2: Using NH4
+ and NO2

- dependent O2 uptake rates to determine the relative ratio of 
AOB and NOB population in the co-culture 
 

Ratio (AOB:NOB) of O2 uptakea O2 used per cell 
normalization factorb   

83 : 6 = 14 : 1 3 O2 : 1 O2 4.7 : 1  
    

 
Calculated 

contribution of each 
nitrifier to total OD600

c 

Contributions to 
co-culturec 

Single 
culturesd 

AOB OD600
 4.7/5.7 x 0.26 0.21 0.12 

NOB OD600
 1.0/5.7 x 0.26 0.05 0.05 

 

a Average of two determinations on a steady state co-culture chemostat. Each determination 
consisted of three replicates for each substrate. See section “Determination of the relative cell 
masses of AOB and NOB in co-culture”, in Materials and Methods for more details. 
b Theoretical contribution to NH4

+ dependent O2 uptake by AOB : NOB = 3 : 1 
See Materials and Methods for more details. 
c Co-culture OD600 = 0.26 
d Typical OD600 values obtained for single chemostat cultures of N. europaea (OD600 = 0.12) 
and N. winogradskyi (OD600 = 0.05). 
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Table 3: N. europaea genes expressing different levels of transcripts in single and co-culture 
conditions. 

Locus tag Function Gene 
name 

Description Fold: 
RNAseq 

p-value: 
RNAseq 

NE0943 
NE0944 
NE0945 

Energy generation amo Ammonia monooxygenase -0.31 
-0.60 
-0.19 

4.44 E-01 
1.17 E-01 
6.46 E-01 

NE1411 Energy generation amo Ammonia monooxygenase -0.24 4.35 E-01 
NE2062 
NE2063 
NE2064 

Energy generation amo Ammonia monooxygenase NaN 
NaN 
-0.01 

NA 
NA 

9.81 E-01 
NE0962 
NE2049 
NE2339 

Energy generation hao Hydroxylamine 
oxidoreductase 

NA 
-0.55 
NA 

NA 
1.08E-01 

NA 
NE0448 Energy generation amtB Ammonia transporter 1.82 1.63 E-10 
NE0201 
NE0202 
NE0203 
NE0204 
NE0205 
NE0206 
NE0207 
NE0208 
NE0209 

Energy generation atp ATP synthase 0.60 
0.97 
1.19 
0.93 
1.32 
1.25 
1.35 
1.30 
1.17 

3.70 E-02 
1.44E-03 
9.35E-05 
4.07E-03 
1.74E-05 
1.74E-04 
1.15E-05 
5.48 E-06 
4.09 E-05 

NE1764 
NE1765 
NE1766 
NE1767 
NE1768 
NE1769 
NE1770 
NE1771 
NE1773 
NE1774 
NE1775 

Electron 
transport chain 

nuo NADH dehydrogenase 
 

1.75 
1.47 
1.51 
1.74 
1.62 
1.39 
0.91 
1.03 
1.03 
0.89 
0.58 

4.24 E-09 
8.35 E-07 
6.09 E-07 
2.54 E-10 
1.70 E-08 
6.77 E-07 
1.65 E-03 
1.35 E-03 
1.98 E-04 
2.97 E-03 
3.89 E-02 

NE0102 Electron transport 
chain 

cytC 
552 

Cytochrome 552 0.89 9.04E-03 

NE0735 
NE0736 

Electron transport 
chain 

- Cytochrome IC 1.22 
1.33 

1.11 E-04 
2.15 E-05 

NE0766 
NE0767 
NE0769 
NE0770 

Electron transport 
chain 

 
 

ccm 
cyc 

 
 

Cytochrome C biogenesis 
 
 
 

0.55 
0.78 
0.75 
0.95 

4.20 E-02 
5.92 E-03 
6.83 E-03 
7.14 E-04 
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NE0771 
NE0772 

1.06 
1.40 

6.10 E-04 
1.48 E-06 

NE1013 
NE1014 
NE1015 

Electron transport 
chain 

cox Cytochrome C oxidase 
assembly 

1.22 
1.07 
0.92 

2.84 E-04 
1.61 E-04 
4.64 E-03 

NE0575 
NE0577 
NE0578 

Sulfur metabolism cys Serine o-acetylase 
Sulfate ABC transporter 

0.56 
0.76 
0.64 

3.48 E-02 
6.59 E-03 
2.16 E-02 

NE0582 Sulfur metabolism sbp1 Sulfate/thiosulfate 
transport 

0.80 2.95 E-03 

NE0852 
NE0853 

Sulfur metabolism yvg Sulfite reductase 1.28 
0.99 

1.08 E-05 
4.42 E-04 

NE0857 Sulfur metabolism cysN Sulfate adenyltransferase 0.62 3.33 E-02 

NE1443 Sulfur metabolism cysM Cysteine synthetase -0.62 1.91 E-02 

NE1695 Sulfur metabolism - Serine O-acetyltransferase -0.93 6.72 E-04 

NE1697 Sulfur metabolism metY O-acetylhomoserine 
(thiol)-lyase 

-0.74 6.69 E-03 

NE2186 Sulfur metabolism metX Homoserine o-
acetyltransferase 

-0.63 1.97 E-02 

NE0026 Biotin bioA Aminotransferase class-III 
pyridoxal-phosphate 

-0.66 1.24E-02 

NE2296 
NE2299 
NE2300 

Biotin bio Dithiobiotin synthetase 
8-amino-7-oxononanoate 

Biotin synthase 

-0.63 
-1.16 
-1.42 

1.77 E-02 
5.38 E-05 
9.26 E-07 

NE2391 Thiamine apbE Thiamine biosynthesis 
lipoprotein 

-0.64 2.04 E-02 

NE2377 Fe-S cluster bolA 2Fe 2S homeostasis 
regulator 

0.87 1.16 E-03 

NE0860 
NE0861 

Reductant 
generation 

pnt NAD(P)+ 
transhydrogenase 

0.82 
1.27 

2.24 E-03 
4.34 E-05 

NE1918 
NE1919 
NE1920 
NE1921 

Carbon fixation 
Pentose Phosphate 

Pathway 

cbb RuBisCo -1.49 
-2.41 
-1.60 
-1.74 

7.14 E-07 
1.27 E-14 
1.41 E-06 
5.99 E-06 

NE1743 Carbon fixation: 
PPP 

cbbI Ribose-5-phosphate 
isomerase 

-1.06 1.36 E-04 

NE2136 Carbon fixation: 
PPP 

tal Transaldolase -1.13 2.99 E-05 

NE2148 Carbon fixation: 
PPP 

cbbE Ribulose-phosphate 3-
epimerase 

-0.57 
 

3.19 E-02 
1.25 E-01 

NE1926 Carbon fixation aid cynT Carbonic anhydrase 0.81 2.50 E-03 
NE0589 Carbon fixation aid ppc Phosphoenolpyruvate 

carboxylase 
-0.81 3.93 E-03 
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NE0673 
NE0674 
NE0675 

Glycolate 
pathway 

glc Glycolate oxidase -0.54 
-0.79 
-1.21 

4.04 E-02 
3.36 E-03 
8.20 E-06 

NE2126 Glycolate pathway - Glycolate oxidase -0.57 3.28 E-02 
NE0324 

 
NE0325 
NE0326 

Glycolysis cbb 
 

pyk 
pgk 

Fructose 1,6 bisphosphate 
aldolase 

Pyruvate kinase 
Phosphoglycerate kinase 

0.79 
 

0.58 
1.07 

8.10 E-03 
 

4.00 E-02 
2.52 E-04 

NE1779 Glycolysis tpi Triosephosphate 
isomerase 

0.71 2.40 E-02 

NE1895 Glycolysis - Phosphoglucomutase -0.77 5.05 E-03 
NE1934 Glycolysis - 6-phosphofructokinase -0.58 3.97 E-02 
NE0773 TCA cycle mdh Malate dehydrogenase 1.04 2.60 E-04 
NE1809 TCA cycle cit Citrate lyase -0.96 5.86 E-04 
NE1810 TCA cycle suc ATP citrate lyase -0.70 1.02 E-02 
NE0695 Fatty acid 

synthesis 
- Acetyl-CoA carboxylase 

carboxyl transferase 
0.65 1.84 E-02 

NE1646 
NE1647 
NE1648 
NE1649 
NE1650 

Fatty acid synthesis fab 
acp 

Acyl carrier protein 0.61 
0.80 
0.92 
1.26 
1.08 

3.49 E-02 
4.94 E-03 
9.36 E-04 
4.63 E-06 
3.22 E-04 

NE2233 Fatty acid synthesis - Fatty acid desaturase 0.85 1.43 E-03 
NE1548 
NE1549 

Fatty acid beta 
oxidation 

fad Acyl CoA dehydrogenase 
Acyl CoA 

synthetase/ligase 

-0.74 
-0.93 

5.16 E-03 
5.22 E-04 

NE2341 Fatty acid beta 
oxidation 

- Acetyl CoA synthetase -0.68 1.45 E-02 

NE0222 
 

NE0223 

Folate exs 7-cyano 7-deazaguanine 
synthase 

Dehydroneopterin aldolase 

0.64 
 

0.69 

1.58 E-02 
 

1.15 E-02 
NE0195u

ntil 
NE0198 

Protein synthesis rpl 
rps 

30S and 50S ribosomal 
proteins 

0.95 
average 

2.53 E-03 
average 

NE0390 Protein synthesis rpm 50S ribosomal protein 0.55 4.40E-02 
NE0401 

until 
NE0429 

Protein synthesis 
(except NE 0421 

and NE0426) 

rpl 
rpm 
rps 

30S and 50S ribosomal 
proteins 

1.23  
average 

2.09 E-03 
average 

NE0421 
NE0426 

 
 

sec 
rpo 

Protein translocase 
RNA polymerase 

1.72 
1.26 

2.01 E-07 
7.27 E-05 

NE0955 
NE0956 

Protein synthesis rpl 
rpm 

50S ribosomal protein 0.75 
0.86 

1.28 E-02 
3.50 E-03 

NE2045 
NE2046 

 rpo RNA polymerase 1.09 
1.77 

9.32 E-04 
2.21 E-07 

NE2047 Protein synthesis rpl 50S ribosomal protein 1.30 3.22 E-04 
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until 

NE2050 
average average 

NE0924 
NE0925 
NE0926 
NE0927 
NE0928 

NO2
- reduction nirK Nitrite reductase -6.94 

-9.58 
-8.77 
-9.73 
-0.64 

1.84 E-60 
1.13 E-90 
2.62 E-84 
3.05 E-88 
1.56 E-02 

NE0683 
NE0684 

NO reduction norY 
norS 

Nitric oxide reductase 1.85 
1.62 

3.62 E-07 
1.13 E-06 

NE0977 NO2
- pump - Nitrate transport permease 

NitT/TauT 
-0.68 1.06 E-02 

NE1195 NO2
- pump - ABC permease NitT/TauT -0.76 5.41 E-03 

NE1736 NO2
- pump - Permease NitT/TauT -0.92 6.03 E-04 

NE0308 
NE0309 

Flagella: avoid 
NO2

- 
flg Flagellar basal body 

proteins 
-1.00 
-0.65 

2.30 E-03 
2.56 E-02 

NE0460 
NE0461 
NE0463 

Flagella fli Flagellar biosynthetic 
proteins 

-1.26 
-0.91 
-1.91 

1.05 E-02 
5.71 E-03 
2.37 E-02 

NE1751 Fimbrae fim Type IV fimbral protein -0.94 3.19 E02 
NE2081 
NE2087 
NE2088 

Flagella flr 
fli 

Flagellar motor and hook 
assembly proteins 

-0.65 
-1.22 
-0.65 

2.74 E-02 
2.69 E-02 
1.78 E-02 

NE2488 Flagella flh Flagellar biosynthesis -0.68 2.88 E-02 
NE1932 DNA repair recA Recombinase A -1.31 2.29 E-06 
NE2455 DNA repair uvr Excinuclease -0.58 3.39 E-02 
NE2520 DNA repair rec DNA helicase -0.56 3.48 E-02 
NE2564 DNA repair rec DNA helicase -0.65 1.51 E-02 
NE0649 Stress ispH 4-hydroxy-3-methylbut-2-

enyl diphosphate 
reductase 

-0.61 3.19 E-02 

NE0870 Stress sodB Superoxide dismutase -1.32 1.10 E-06 
NE1911 Stress - Monothiol glutaredoxin 1.15 2.13 E-05 
NE2292 Stress yxi Universal stress protein -0.98 3.09 E-04 
NE0104 Glutathione 

synthesis 
- Dihydroxy-acid 

dehydratase 
-0.79 3.72 E-03 

NE1294 Glutathione 
synthesis 

- Glutamate-cysteine ligase -0.69 9.25 E-03 

NE1331 Glutathione 
synthesis 

ggt γ glutamyltranspeptidase -0.62 2.06 E-02 

NE1908 Glutathione 
synthesis 

- Glutathione s-transferase -0.60 2.28 E-02 

NE1669 Ubiquinone 
synthesis 

coq7 Ubiquinone biosynthesis 
monooxygenase 

-1.11 7.13 E-05 
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NE2547 Ubiquinone 

synthesis 
ubiG 3-demethylubiquinone-9 

3-methyltransferase 
-0.92 9.14 E-04 

NE0535 Iron uptake - TonB outer membrane 
receptor 

-0.58 2.98 E-02 
 

NE0616 
NE0617 

Iron uptake fur 
opr 

Fur transcriptional 
regulator and TonB 

outermembrane receptor 

-0.60 
-0.67 

3.01 E-02 
1.22 E-02 

NE0731 Iron uptake - Catecholate siderophore 
receptor 

-0.70 1.73 E-02 

NE0979 Iron uptake fecR Transmembrane sensor -0.61 2.63 E-02 
NE1070 
NE1071 

Iron uptake fecIR Transmembrane sensor 
RNA polymerase ECF 

-0.65 
-0.65 

2.19 E-02 
3.12 E-02 

NE1078 
NE1079 

Iron uptake fecIR Transmembrane sensor 
RNA polymerase ECF 

-0.91 
-1.51 

9.26E-04 
2.64 E-07 

NE1095 Iron uptake fecR Transmembrane sensor -1.12 3.31 E-05 
NE1101 
NE1102 

Iron uptake fecIR Transmembrane sensor 
RNA polymerase ECF 

-1.13 
-0.99 

1.45 E-03 
2.76 E-04 

NE1190 
NE1191 

Iron uptake fpvA TonB outermembrane 
receptor: ferric coprogen 

-0.87 
-0.57 

1.16 E-03 
4.19 E-02 

NE1205 
NE1206 
NE1208 
NE1209 
NE1211 

Iron uptake - TonB receptor: 
enterobactin siderophore 

-0.89 
-0.86 
-1.09 
-0.79 
-1.28 

8.18 E-04 
3.22 E-03 
5.32 E-05 
4.59 E-03 
1.90 E-06 

NE1216
NE1217 
NE1218 

Iron uptake fecIR Transmembrane sensor 
RNA polymerase factor 

ECF 

-1.10 
-1.36 
-0.59 

4.75 E-05 
7.13 E07 
2.65 E-02 

NE1531 Iron uptake - TonB receptor -0.89 1.30 E-03 
NE1721 Iron uptake - TonB outermembrane 

receptor 
-1.38 3.26 E-07 

NE1992 Iron uptake fecI RNA polymerase ECF -1.61 1.77 E-04 
NE2124 Iron uptake - Catecholate siderophore 

receptor 
-1.17 1.28 E-05 

NE2138 
NE2139 

Iron uptake fecI RNA polymerase factor, 
ECF 

-0.85 
-0.91 

3.35 E-02 
3.55 E-03 

NE2434 
NE2435 

Iron uptake fecI Transmembrane sensor -0.78 
-0.88 

8.19 E-03 
1.07 E-02 

NE2486 Iron uptake fecI RNA polymerase ECF -1.67 1.97 E-04 
Transcript levels of genes bolded in Locus tag column were determined by RT-PCR. The first 
of each category was bolded in Function column. 
RNAseq values are not absolute numbers of transcripts, but rather a comparison of co-culture 
transcript levels relative to single culture transcript levels. Lower levels of transcript in the co-
culture relative to single culture are represented by negative values. Values are expressed as 
log2, see section “Nitrosomonas europaea transcriptome analysis”. 
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Table 4: Primers used for qRT-PCR assay. 
  

Locus tag Gene name Description Primers 
NE2062 amoB2 Ammonia monooxygenase B2 5’CGGAAGCTGGGATGATTTTA (L) 

5’TCGGATCCATCAACAGATCA (R) 
NE0202 cbbK 

atpF 
ATP synthase 5’ATATTGTTCACCGCCAGGTT(L) 

5’ACTGGCAAGCTCCAACTCTT(R) 
NE0207 atpC ATP synthase 5’GCCAGATGTTGTGACGATTC(L) 

5’ACGTGCGTACTCGATTTCAG(R) 
NE1764 nuoN NADH dehydrogenase 5’ATGGTTTGTGTGGTGATGCT(L) 

5’GGTAACCAGTGCACATCCTG(R) 
NE1767 nuoK NADH dehydrogenase 5’GTGCTCTCCTGTTTGCCAT(L) 

5’CCGCCGTATCCTGTAGAAA(R) 
NE0326 pgk Phosphoglycerate kinase 5’TGGTGACCTCTCATCTTGGA(L) 

5’TTCAAATCCACCCTCTACCC(R) 
NE0589 ppc PEP carboxylase 5’CAACCGGCGTTGTACATATC(L) 

5’GTTTCGAATAGCGGGATGAT(R) 
NE0773 mdh Malate dehydrogenase 5’CATGGAGCTTCAGGATTGTG(L) 

5’TGCAGTAAATCCTTGCGTTC(R) 
NE1809 cit Citrate lyase 5’TTGTGAAGGTAAATGGGCAA(L) 

5’TTTGGCTTTGTCGACTTCTG(R) 
NE1810 sucC ATP citrate lyase 5’TTTCGAGTATGTTCGCATCC(L) 

5’GATTTCCAGGCAAGAACCAT(R) 
NE1919 cbbQ RuBisCO 5’GGCGCGTAATCTTAAAGGTC(L) 

5’TACGACAAGCTGCATGAACA(R) 
NE1920 cbbS RuBisCO 

 
5’GGGCAGCCGTAAGTTTGA(L) 
5’AGCGGGATTCCAACCTTT(R) 

 
See Materials and Methods for details of qRT-PCR procedure. 
List of genes listed in Table 5. 
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Table 5: A comparison of transcript levels of a select group of genes analyzed by both qRT-
PCR and RNAseq.  
 

 

a Fold change in qRT-PCR was calculated as 2‾ΔΔCt where lower levels of the specific transcript 
in the co-culture is a value less than one. 
b Fold change in RNAseq was calculated as 2co-culture/single culture where lower levels of that 
transcript in the co-culture is indicated by a negative number.  
c For ease of comparison, the raw fold change are found in parentheses. Lower levels of that 
transcript in the co-culture are represented by values less than one. 

Locus tag Description qRT-PCRac RNAseqbc 

 Ammonia monooxygenase B2 0.16 (-2.60) -0.31 (0.81) 
NE0202 ATP synthase 3.91 (1.97) 0.97 (1.96) 
NE0207 ATP synthase 3.56 (1.83) 1.35 (2.55) 
NE1764 NADH dehydrogenase 3.48 (1.80) 1.75 (3.36) 
NE1767 NADH dehydrogenase 4.92 (2.30) 1.74 (3.33) 
NE0326 Phosphoglycerate kinase 3.17 (1.67) 1.07 (2.10) 
NE0589 PEP carboxylase 0.54 (0.90) -0.81 (0.57) 
NE0773 Malate dehydrogenase 2.14 (1.10) 1.04 (2.06) 
NE1809 Citrate lyase 0.52 (0.93) -0.96 (0.52) 
NE1810 ATP-citrate lyase 0.95 (0.07) -0.70 (0.61) 
NE1919 RuBisCO 0.64 (0.63) -2.41 (0.19) 
NE1920 RuBisCO 0.74 (0.43) -1.60 (0.33) 
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