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Apparent contribution of complete ammonia-oxidizing organisms 

(comammox) to the global nitrogen cycle highlights the necessity for 

understanding niche differentiation of comammox bacteria among other 

ammonia oxidizers. While the high affinity for ammonia of the comammox 

species Nitrospira inopinata suggests their niche partitioning is expected to 

be centered in oligotrophic environments, their absence in nutrient-depleted 

environments (such as the oceans) suggests that other (abiotic) factors might 

control their distribution and spatial localization within microbial communities. 

Many ammonia- and nitrite-oxidizing organisms are sensitive to light; however, 

the photosensitivity of comammox has not been explored. Since comammox 

bacteria encode enzymatic machinery homologous to canonical ammonia-

and nitrite-oxidizers, we hypothesized that comammox N. inopinata, the only 

available pure culture of this group of microorganisms, may be  inhibited by 

illumination in a similar manner. We evaluated the impact of light intensity, 

wavelength, and duration on the degree of photoinhibition for cultures 

of the comammox species N. inopinata and the soil ammonia-oxidizing 

archaea Nitrososphaera viennensis. Both species were highly sensitive to 

light. Interestingly, mimicking diurnal light exposure caused an uncoupling 

of ammonia and nitrite oxidation in N. inopinata, indicating nitrite oxidation 

might be more sensitive to light exposure than ammonia oxidation. It is likely 

that light influences comammox spatial distribution in natural environments 

such as surface fresh waters according to diurnal cycles, light attenuation 

coefficients, and the light penetration depths. Our findings therefore provide 

ecophysiological insights for further studies on comammox both in field and 

laboratory settings.
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Introduction

Biological nitrification results in ammonia oxidation to 
nitrate, which is performed in two steps: first, ammonia-oxidizing 
bacteria or archaea (AOB/AOA) oxidize ammonia to nitrite and 
second, nitrite-oxidizing bacteria (NOB) oxidize nitrite to nitrate 
(Könneke et  al., 2005; Leininger et  al., 2006). In 2015, a new 
nitrification player was identified to perform complete ammonia 
oxidation (comammox) to nitrate, via nitrite as an intermediate, 
within a single organism (Daims et al., 2015; van Kessel et al., 
2015). Since then, lineage II Nitrospira comammox species have 
been widely detected in forest and agricultural soils, freshwater 
and brackish sediments, and waste and drinking water treatment 
plants (Pinto et al., 2016; Camejo et al., 2017; Pjevac et al., 2017; 
Fowler et al., 2018; Xia et al., 2018; Spasov et al., 2020; Yang et al., 
2020). Comammox species were shown to be active participants 
and to even dominate some wastewater systems (Roots et al., 2019; 
He et  al., 2022). Despite its widespread occurrence, major 
environmental variables governing the distribution and 
abundance of comammox and hence their role in microbial 
ecosystems are not well characterized.

Environmental distribution, abundance, physiology, and 
genetics studies revealed that the canonical ammonia-oxidizing 
microorganisms (AOM) AOB and AOA coexist in many 
ecosystems. AOA have been shown to outnumber AOB in diverse 
environments, including soils (Leininger et  al., 2006), oceans 
(Wuchter et al., 2006), streams (Merbt et al., 2017) and alpine lakes 
(Auguet et al., 2012) highlighting their ecological significance and 
potential factors for niche differentiation between AOA and their 
bacterial counterpart AOB (Hatzenpichler Roland, 2012; Koch 
et al., 2019). While kinetic parameters such as high affinities for 
substrate influence AOM adaptation to their environmental 
stressors, abiotic factors likewise determine nitrification 
communities’ distribution and activity in ecosystems. Several 
studies of both AOB and AOA in pure cultures in laboratory 
experiments and in field studies demonstrated differential 
sensitivity to various abiotic factors including pH (Nicol et al., 
2008; Sun et  al., 2020), temperature (Tourna et  al., 2008), 
ammonium concentration (Martens-Habbena et  al., 2009; 
Verhamme et al., 2011), and light (Merbt et al., 2012) in both 
natural and man-made systems. These factors appear to control 
AOB, AOA, and NOB relative abundances and activities, 
suggesting distinct physiological adaptations for each group.

Comammox species showed comparably high affinity for 
ammonia (Km(app)(NH3) ≈ 63 nM) as some AOA species, suggesting 
their adaptation to low ammonia habitats (Kits et al., 2017; Jung 
et al., 2022). Indeed, similarly to AOA (Leininger et al., 2006; 
Wuchter et al., 2006; Merbt et al., 2012; Auguet and Casamayor, 
2013), comammox have been found in ammonia-depleted fresh 
water and engineered systems (Bartelme et al., 2017; Hu and He, 
2017; Pjevac et al., 2017; Fowler et al., 2018; Orellana et al., 2018). 
Unlike open oceans which are often dominated by AOA, other 
geographical areas such as estuaries (Bernhard and Bollmann, 
2010) and salt marshes (Wang et al., 2021b) have more complex 

ecological relationships and diverse AOM community 
compositions. Specifically, comammox was found to be  more 
abundant than AOB in salt marshes (Wang et al., 2021b), coastal 
waters and sediments (Xia et al., 2018), and river sediments (Zhao 
et al., 2020). Only a few studies focused on the abiotic factors 
influencing comammox distribution. Salinity was shown to have 
a negative correlation with comammox abundance (Sun et al., 
2020), which was earlier predicted to be absent (Daims et al., 
2015) and thus far was not detected in the marine environments. 
Some studies demonstrated higher temperatures to be beneficial 
for comammox growth (Fowler et al., 2018; How et al., 2019), 
while others found a correlation with lower temperatures and 
comammox abundance (Gonzalez-Martinez et  al., 2016). It is 
clear, however, that comammox is an important player in many 
ecosystems, which suggests the importance of further evaluation 
of key environmental variables controlling comammox spatial 
distribution within its natural habitats.

Light inactivation of ammonia monooxygenase (AMO) in 
AOB has been known for several decades, requiring de novo 
synthesis of the enzyme to resume microbial activity (Schoen and 
Engel, 1962; Hyman and Arp, 1992). Recent studies of AOA pure 
cultures revealed similar trend in the photoinhibition of their 
ammonia oxidation activities (French et al., 2012; Merbt et al., 
2012; Qin et al., 2014, 2017) although the biochemical mechanisms 
associated with photoinhibition require more research. To date, 
there are no reports of light sensitivity of comammox. 
We hypothesized that comammox may be sensitive to light as it 
possesses AMO enzymatic machinery and other enzymes that 
were shown to be  light-sensitive in other AOM species. 
Environmental factors create a complex interplay generating 
various patterns of nitrifying organisms in ecosystems. To better 
understand the key physicochemical parameters that exert major 
controls on the spatial variability and dynamics among AOA, 
AOB, and comammox, it is necessary to study the influence of as 
many abiotic drivers as possible including light. The aims of this 
study were to understand how different light intensities, 
wavelengths, and duration of irradiation influence ammonia 
(ammonia represents total ammonia throughout the manuscript 
unless otherwise mentioned, NH3 + NH4

+) oxidation by the 
comammox species Nitrospira inopinata and soil AOA species 
Nitrososphaera viennensis and to help explain the differential 
distribution and activity of these AOM species in terrestrial and 
aquatic systems.

Materials and methods

Microorganisms and growth conditions

Nitrospira inopinata (comammox) was incubated in a limited 
mineral media (composition per little: 1 g KH2PO4; 1.5 g KCl; 1 g 
MgSO4∙7H2O; 11.68 g NaCl; 4 g CaCO3, 1 ml trace element 
solution (TES), and 1 ml of selenium-wolfram solution (SWS)) 
aerobically at 37°C pH 7.5 in the presence of 1 mM NH4

+ in the 
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dark without shaking (Daims et  al., 2015). TES contained 
following (per liter): 34.4 mg MnSO4∙1H2O; 50 mg H3BO3; 70 mg 
ZnCl2; 72.6 mg Na2MoO4∙2H2O; 20 mg CuCl2∙2H2O; 24 mg 
NiCl2 ∙ 6H2O; 80 mg CoCl2∙6H2O; and 1 g FeSO4 ∙7H2O. All salts 
except FeSO4∙7H2O were dissolved in 997.5 ml Milli-Q water and 
2.5 ml of 37% HCl was added before dissolving the FeSO4 ∙ 7H2O 
salt. SWS contained (per liter): 0.5 g NaOH; 3 mg Na2SeO3∙5H2O; 
and 4 mg Na2WO4∙2H2O (Daims et  al., 2015). Ammonia-
oxidizing soil archaea Nitrososphaera viennensis EN76 strain was 
also incubated in AOA medium for maintenance (Bollmann et al., 
2011) or in CaCO3 containing mineral media for the 
photoinhibition experiments at 30°C pH 7.5 in the presence of 
1 mM NH4

+ in the dark without shaking supplemented with 1 mM 
sodium pyruvate. Incubations were inoculated with a 10% 
inoculum from late exponential phase maintenance cultures. The 
N. inopinata and N. viennensis maintenance cultures demonstrate 
a constant ammonia oxidation rate in the late exponential phase 
and have a cell density on the order of 107 cells per mL culture. All 
cultures were incubated until either ammonia depletion or the 
nitrification rate approaches zero.

Metabolic activity measurements

Metabolic activity of microbial strains was monitored through 
regular measurements of ammonium (NH4

+), nitrite (NO2
−), and 

total oxidized nitrogen (TON; NO2
− + NO3

−) concentrations in 
media during incubation. NH4

+, NO2
−, and NO3

− were measured 
using a colorimetric method with GalleryTM Automated 
Photometric Analyzer (Thermo Fisher Scientific, Waltham, MA 
U.S.A.) with the total oxidized nitrogen (TON)-Nitrite and 
ammonia reagents calibrated using sodium nitrite (NaNO2) and 
ammonium chloride (NH4Cl) standards. Nitrate (NO3

−) 
concentrations were determined by subtracting nitrite from the 
TON concentrations. Samples were processed immediately 
after collection.

Illumination settings and apparatus

Illumination was provided from a cool LED polychromatic 
light source. The duration and intensity of visible range light 
wavelengths (400–680 nm) in the glass culturing bottle was 
controlled using a pyranometer-style light meter which integrates 
radiation received over 180 degrees, placed inside the bottles 
(Apogee Instruments (Logan, Utah) SP-420 Smart Pyranometer 
with ApogeeConnect software; Spectral response 400 nm to 
1,100 nm over 180 degrees). The LED light source was assembled 
using 2 curved aluminum plates each carrying 8 individual 
nominally 3 W LED’s on “star” heatsinks. Five types of LEDs were 
used to cover the full white light spectrum from 400 nm to 680 nm. 
Each LED was equipped with a collimating lens to focus the 
emitted light down to a 5° beam and arranged so that the light 
spots were all concentrically focused on the test bottles (Figure 1). 

Some of the LEDs were covered with foil to produce the blue-
green spectrum or the yellow-red spectrum illumination regimes.

Experiments were carried out at 37°C for N. inopinata and at 
30° C for N. viennensis. Although 30°C is not the optimal growth 
temperature of N. viennensis, a culturing temperature of 30°C was 
selected to compare the ammonia oxidation rate of N. viennensis 
across studies (Straka et  al., 2019). Nitrospira inopinata and 
N. viennensis cultures were exposed to light intensities selected to 
reflect naturally occurring conditions during a clear summer day 
in open (ocean-type upper water column) areas (500 and 800 μE 
m−2 s−1) and the lower intensities (60 and 15 μE m−2 s−1) simulating 
conditions in shaded (e.g., lower oceanic column) areas for 
various duration regimens. Control cultures were incubated in the 
dark in the same incubator. All cultures were stirred to ensure 
uniformity of light exposure and grown in triplicates. Light 
intensities, duration of illumination, and wavelengths of 
irradiation are indicated for each experiment in the results 
sections and in corresponding figures.

Experiments were carried out at specific light intensities, 
wavelengths, and exposure durations. In all photoinhibition 
experiments, N. inopinata and N. viennensis cultures were 
supplemented with 1 mM ammonia and exposed to specific light 
intensities (15, 60, 500, and/or 800 μE m−2 s−1) for either 15 min 
(both) or 60 min (N. inopinata only). Immediately after light 
exposure, nitrogen metabolite (NH4

+, NO2
−, and NO3

−) 
concentrations were measured, and the cultures were placed in the 
dark. Nitrogen metabolites were monitored until either ammonia 
depletion or the absence of nitrification activity for at least 14 days. 
The nitrification rate was calculated as the rate (natural logarithm 
transformed nitrogen species) of TON (NO2

− + NO3
−) and NO2

− 
accumulation for N. inopinata and N. viennensis, respectively, as in 
previous studies (Qin et al., 2014). Photoinhibition was calculated 
as percent decrease in the exponential nitrification rate after light 
exposure compared to the dark control (Qin et al., 2014). The 
response of N. inopinata to specific wavelengths was evaluated by 
exposing cultures to 60 μE m−2 s−1 light with wavelengths of either 
400–550 nm (blue-green spectrum) or 550–680 nm (red-yellow 
spectrum) for 15 min. Nitrogen metabolite concentrations were 
monitored until ammonia depletion. The experiments evaluating 
the impact of hydrogen peroxide scavengers on N. inopinata were 
conducted in the manner described above for the photoinhibition 
experiments, except cultures were supplemented with 1 mM of 
sodium pyruvate prior to light exposure.

For continuous illumination experiments, changes in nitrogen 
concentrations were assessed for 4 days before the light exposure 
started, test set of cultures was then placed under continuous light 
(15 μE m−2 s−1), while control set of cultures was kept in the dark. 
Nitrogen metabolites were monitored for 2 weeks or until all 
ammonia depletion (control). For diurnal experiments, initial 
nitrogen metabolite concentrations were measured prior to the 
initial light exposure. Nitrogen metabolites were monitored 
immediately after light exposure ended and before the next round 
of illumination begin (6 h light – 18 h dark recovery). Nitrite or 
nitrate accumulation in control and illuminated cultures were 
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compared using the Student’s t-test (two-sample assuming 
unequal variances).

Results

Comammox Nitrospira inopinata is 
sensitive to light in a dose-and 
wavelength-dependent manner

The effect of white light on comammox N. inopinata 
nitrification activity was evaluated through controlled exposure 
to a polychromatic light. Nitrification activity was measured at 
various illumination intensities and intervals. Illumination 
intensities were selected to simulate exposure to dim light (15 μE 
m−2 s−1), shade light (60 μE m−2 s−1), bright light (500 μE m−2 s−1), 
and direct sunlight (800 μE m−2 s−1) in an aquatic environment. 
Cultures were exposed to these intensities under 15 to 60 min 
light followed by dark recovery phase, continuous light, and 
continuous dark regimens. For 15- and 60-min illumination 
experiments, cultures were exposed to light once; nitrification 
activity was then measured from the end of light exposure until 
all ammonia was either oxidized or no nitrification activity was 
detected, which defined the recovery period for each light 
treatment. Photoinhibition was therefore determined as percent 
decrease in the exponential nitrification rate after light exposure 
compared to the dark control (Figure 2 A, B). All cultures that 
were exposed to light experienced slower nitrification activity 
recovery in an intensity- and duration-dependent manner. After 
15 min of exposure, N. inopinata was found to be increasingly 
inhibited by the light with elevated light intensities (Figure 2A). 

Cultures exposed to bright or direct sunlight (500 and 800 μE 
m−2  s−1) for 15 min demonstrated over 50% photoinhibition 
(Figure 2A; Supplementary Figures S1A–C). Lower intensities 
exposures for 15 min caused less photoinhibition; however, even 
shade light (60 μE m−2 s−1) resulted in substantial photoinhibition 
(Figure 2A; Supplementary Figures S1A–C).

Fifteen minutes of light exposure at 15 μE m−2 s−1 and 60 μE 
m−2  s−1 had no significant effect on ammonia 
(Supplementary Figure S1A) or nitrite oxidation (Supplementary  
Figure S1B) during the first 3 days of dark recovery; however, after 
3 days, a delay in nitrification activity was observed 
(Supplementary Figures S1A–C). Fifteen minutes exposure to the 
500 μE m−2  s−1 intensity light significantly slowed ammonia 
oxidation starting from the time cultures were placed in the dark 
(Supplementary Figure S1A) and slowed nitrite oxidation from 
around day two of dark recovery (Supplementary Figures S1B,C). 
Exposure to 800 μE m−2 s−1 light for 15 min blocked ammonium 
oxidation for 5 days, after which a slow recovery of activity took 
place (Supplementary Figures S1A–C).

Exposure to 15 μE m−2  s−1 light for 60 min slightly slowed 
ammonia oxidation for 2 days, after which the ammonia oxidation 
rate recovered (Supplementary Figure S1D). However, nitrite 
oxidation was more strongly affected by the 15 μE m−2 s−1 60-min 
light exposure, with no nitrate production for the first 2 days 
followed by a slow recovery of nitrate accumulation over the next 
5 days (Supplementary Figure S1F). Sixty-minute light exposure at 
60 μE m−2 s−1 and 800 μE m−2 s−1 caused ammonia oxidation to 
completely cease (Supplementary Figures S1D–F). This reveals a 
significant difference in light sensitivity of the two steps in complete 
ammonia oxidation metabolism, with nitrite oxidation apparently 
being more sensitive to light exposure than ammonia oxidation.

FIGURE 1

Schematic of the illumination apparatus. Cool LED polychromatic light sources are shown to be directed toward the glass bottle via collimating 
lens to focus the emitted light down to a 5 degree beam; Light meter (Apogee Instruments) located at the bottom of the glass bottle is displayed.
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In summary, the longer exposures (60 min) to light at 60 μE 
m−2 s−1 and 800 μE m−2 s−1 completely inhibited the nitrification 
activity of N. inopinata, which did not recover after over 2 weeks 
of dark incubation (Figure 2B; Supplementary Figures S1D–F), 
demonstrating high photosensitivity of comammox and its 
adaptation to very dim light intensities. Higher intensities or 
longer duration of illumination also caused a delay in resuming 
nitrification activity. Fifteen minute dim light exposure (15 μE 
m−2 s−1) lengthened nitrification activity only by approximately 
24 h, while high light intensities (500 and 800 μE m−2 s−1) caused 
slower nitrification activity and a delay of 48–120 h in resuming 
the activity. Sixty minutes of dim light exposure caused a delay 
(48 h) and slower ammonia oxidation (Supplementary Figure S1).

To test the effect of continuous illumination on ammonia 
oxidation of N. inopinata, cultures were incubated in the dark first 
and after nitrification activity was established (day 4) flasks were 
set under continuous illumination. Continuous illumination at 
dim light intensity (15 μE m−2 s−1) completely ceased nitrification 
activity of N. inopinata (Figure 2C; Supplementary Figure S2), 

suggesting that nitrification activity is being performed only 
during the dark period.

Light inhibitory effect was also evaluated for soil AOA 
Nitrososphaera viennensis that demonstrated slower growth 
(measured as nitrite accumulation over time) relative to cultures 
grown in the dark. N. viennensis cultures were exposed to light 
once for 15 min at 15, 60, and 500 μE m−2  s−1 illumination 
intensities following dark recovery. Nitrogen concentrations and 
photoinhibition assessments were performed as for N. inopinata 
experiments described above and in Figure  2A. N. viennensis 
nitrification activity appears to be more disturbed across different 
light intensities than N. inopinata during the same illumination 
regimen (Figure 2D): approximately 10% more photoinhibition 
was observed under moderate to high (60–500 μE m−2 s−1) light 
intensities than for N. inopinata.

To further investigate which wavelength of light had the 
stronger inhibitory effects on N. inopinata nitrification activity, 
cultures were incubated at an illumination intensity of 60 μE 
m−2 s−1 lasting 15 min with blue/green (400–550 nm) and yellow/

A B

C D

FIGURE 2

Photoinhibition of nitrification activity in Nitrospira inopinata represented as percent reduction of the rate of TON accumulation, compared to the 
dark control cultures incubated in parallel, after exposure to (A) 15, 60, 500, and 800 μE m−2 s−1 intensities for 15 min, (B) 15, 60, 500, and 800 μE 
m−2 s−1 intensities for 60 min. (C) Nitrate concentration vs. time during incubation under continuous illumination at 15 μE m−2 s−1 intensity. 
(D) Photoinhibition of nitrification activity in Nitrososphaera viennensis represented as percent reduction of the rate of TON accumulation, 
compared to the dark control cultures incubated in parallel, after exposure to 15, 60, and 500 μE m−2 s−1 intensities for 15 min. Data are presented as 
the mean and standard error of triplicate cultures. Error bars are smaller than symbol size in panel C. Significant differences between control and 
illuminated cultures are represented as *p < 0.05 and **p < 0.001.
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red (550–680 nm) lights. The light wavelength was controlled by 
adjusting wavelength range of a polychromatic light. Exposure to 
light with wavelengths shorter than 550 nm caused nitrification 
activity delay in N. inopinata (Figure  3; Supplementary  
Figures S3A,B), while light with longer wavelengths (over 550 nm) 
did not seem to disturb ammonia oxidation activity of N. inopinata 
(Figure 3; Supplementary Figures S3A,B).

Hydrogen peroxide scavenger 
demonstrates protective effect against 
photoinhibition in comammox Nitrospira 
inopinata

Addition of sodium pyruvate (1 mM) to the cultures of 
N. inopinata showed that it may play a protective role in its 
ammonia oxidation activity against photoinhibition (Figure 4). 
Significant effect was observed under regimens of over 60 and 500 

μE m−2  s−1 irradiation (15 min light exposure), while cultures 
under dim light (15 μE m−2 s−1) did not seem to be affected by 
pyruvate amendment (Supplementary Figure S4). Pyruvate 
supplementation in N. inopinata dark control cultures had no 
discernable effects on their nitrification activity relative to 
pyruvate-free cultures (Supplementary Figure S4). N. viennensis 
was not evaluated for the pyruvate photoprotective effect since 
pyruvate significantly accelerates its growth rate in the dark 
(Tourna et al., 2011) and is part of its standard media composition.

Diurnal cycle photoinhibition: 
Comammox Nitrospira inopinata second 
nitrification step is ceased

To evaluate the effect of diurnal cycles on N. inopinata, 
cultures were cyclically exposed to 6 h full spectrum visible light 
at 15 μE m−2  s−1 followed by 18 h dark recovery. Nitrification 
activity was measured during this regimen (Figure  5A). 
Interestingly, during light/dark cycles, N. inopinata failed to 
produce nitrate and instead, we detected nitrite accumulation. 
Ammonia oxidation rate was also reduced compared to the dark 
control (Figure 5B). This inhibition eventually resulted in a plateau 
of ammonia concentration at around 0.3 mM (Figure 5A) rather 
than complete ammonia oxidation. During first 24 h, nitrate 
concentration was slightly increasing; however later, it ceased to 
accumulate and even decreased.

Discussion

The detrimental effect of light on ammonia monooxygenase 
(AMO) enzyme has been documented for many AOM (Lu et al., 
2020a) and has been linked to the suppression of nitrification 
rates, variations in inorganic nitrogen composition, and aquatic 
ecosystems stability (Shiozaki et al., 2019) in oceans (Horak et al., 
2018; Peng et al., 2018; Shiozaki et al., 2019), rivers (Lipschultz 
et al., 1985; Merbt et al., 2017), and fishponds (Wu et al., 2020). 
Here, we  demonstrate that comammox N. inopinata is also 
sensitive to light in pure culture with limited tolerance to short 
dim light exposures (Figures  2A–C; Supplementary  
Figures S1 and S2). The delayed recovery of N. inopinata 
nitrification activity relative to illumination intensity and duration 
appears to be comparable with previously observed responses of 
AOA to light exposure (Merbt et  al., 2012; Qin et  al., 2014). 
Photoinhibition of the soil AOA N. viennensis in pure culture has 
not previously been investigated and was included in this study for 
that reason and to compare the photoinhibition of AOA 
N. viennensis and comammox N. inopinata. N. viennensis 
ammonia oxidation appeared to be  more sensitive to light 
exposure than that in N. inopinata (Figure 2D). Light sensitivity 
of the second metabolic step, oxidation of nitrite to nitrate which 
is unique to comammox and NOB, has yielded the interesting 
finding that it is quite sensitive to even low levels of light that 

FIGURE 3

Exposure of N. inopinata to wavelengths of blue-green spectrum 
(450–550 nm) caused delayed ammonia oxidation in comparison 
to yellow-red spectrum (550–680 nm) wavelengths and dark 
control. Data are presented as the mean and standard error of 
triplicate cultures.

FIGURE 4

Sodium pyruvate supplementation positively affected N. 
inopinata growth when exposed to light at 60 and 500 μE m−2 s−1. 
Data are presented as the mean and standard error of triplicate 
cultures. Significant differences between control and illuminated 
cultures are represented as *p < 0.05 and **p < 0.001.
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would not be expected to cause extensive damage to an enzyme, 
and which have no effect on the ammonium oxidation step 
(Supplementary Figure S1). Additionally, we  found that the 
wavelength and light intensity influenced the photoinhibition 
outcome in comammox N. inopinata. When incubating cultures 
at 60 μE m−2 s−1 for 15 min, blue and green light with less than 
550 nm wavelengths inhibited N. inopinata activity, while red light 
with wavelengths greater than 550 nm had little to no impact 
(Figure 4). Kim and Park (2021) reported higher sensitivity to blue 
light for NOB than for AOB in an engineered system (Kim and 
Park, 2021), and similar observations regarding light wavelengths 
were previously documented for both AOB and AOA (French 
et  al., 2012). Interestingly, photoinhibition was observed to 
be species dependent for both AOA (Qin et al., 2014) and AOB 
(Merbt et al., 2012) with microorganisms demonstrating varying 
degrees of photosensitivity. We show that comammox N. inopinata 
is highly sensitive to light; however, other comammox species 
need to be evaluated for their sensitivity to light in order to draw 
conclusion about photoinhibition driven niche differentiation of 
comammox in various ecosystems.

Metabolic studies have demonstrated that light damages the 
copper-containing AMO enzyme in AOB (Hooper and Terry, 
1974; Shears and Wood, 1985; Hyman and Arp, 1992; Stein et al., 
2000) that was proposed to be  photoinactivated during 
simultaneous ammonia conversion into hydroxylamine (NH2OH) 
and exposure to light (Lu et al., 2020a). De novo AMO synthesis is 
required to restore ammonia oxidation after these bacteria are 
exposed to light (Guerrero and Jones, 1996a,b; Hyman and Arp, 
1992). Consequently, conditions preventing valence state changes 
in AMO’s copper ions (Shears and Wood, 1985), and therefore 
preventing AMO activation, such as oxygen and ammonia 
absence, play a protective role for AMO during light exposure 
(Hooper and Terry, 1974; Hyman and Arp, 1992; Juliette et al., 
1993; Ward, 2013). In contrast, when NH3 is present, high NH3 
substrate concentration can shield AMO from light inactivation 
in AOB (Hooper and Terry, 1974). Most of the research on AMO 
photoinactivation mechanisms has been performed on AOB 

organisms leaving the AMO photoinactivation processes in AOA 
largely uncharacterized. Genome studies of AOA have shown 
their genomes contain a large number of copper-containing 
enzymes such as AMO, putative copper-containing nitrite 
reductase, plastocyanin, and other multicopper oxidases and blue 
copper proteins (Walker et  al., 2010; Blainey et  al., 2011), 
suggesting that some other copper-containing enzymes in AOA 
could also be sensitive to light, possibly leading to inhibition of 
ammonia oxidation and/or electron transfer in AOA by light. 
Comammox amo genes are phylogenetically distinct from AOA 
and AOB amo subunits; however, they are homologous to the 
AOB/AOA amo genes (Daims et  al., 2015). AMO proteins in 
comammox are likely inhibited by light via a similar mechanism 
as in AOB and AOA. However, more detailed studies focusing on 
mechanistic aspects of AMO photoinactivation and the 
inactivation of other enzymes involved in nitrification in 
comammox are needed to draw stronger conclusions.

Nitrite-oxidizing activity of NOB species in both natural 
systems and laboratory settings has been shown to be affected by 
differential light exposures (Mueller-Neuglueck and Engel, 1961; 
Bock, 1965; Olson, 1981; Yoshioka and Saijo, 1984; Diab and Shilo, 
1988; Vanzella et al., 1989; Guerrero and Jones, 1996a,b; Kaplan 
et al., 2000; Marks et al., 2012). Canonical Nitrospira were shown 
to dominate ecosystems when kept under dark conditions (Marks 
et al., 2012). Several studies demonstrated that photoinhibition of 
nitrite oxidation was more pronounced than ammonia oxidation 
(Yoshioka and Saijo, 1984; Diab and Shilo, 1988; Vergara et al., 
2016); however in some instances, duration of illumination and 
substrate availability influenced the outcome of photoinhibition 
on AOB and NOB representatives (Yoshioka and Saijo, 1984). 
Other reports indicate that nitrite oxidation recovery after 
photoinhibition took longer than ammonia oxidation recovery 
when cultures were placed back into dark conditions (Guerrero 
and Jones, 1996a,b). Additionally, NOB species were found to 
be more sensitive than AOB to blue light irradiation (Guerrero 
and Jones, 1996a,b; Guerrero and Jones, 1997; Kim and Park, 
2021). In wastewater treatment bioreactors, light irradiation 

FIGURE 5

Diurnal light exposure of N. inopinata at 6 h light/18 h dark regimen caused ammonia oxidation delay, nitrite accumulation, and interruption of 
nitrate production. (A) Nitrogen concentration for N-NH4

+, N-NO2
−, and N-NO3

− are shown for diurnal N. inopinata exposure; (B) Nitrogen 
concentration for N-NH4

+, N-NO2
−, and N-NO3

− for N. inopinata cultures kept in the dark. Data are presented as the mean and standard error of 
triplicate cultures.
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showed higher inhibition of the NOB (Nitrospira) than AOB 
through inducing different transcriptional responses, as nxrB gene 
expression was largely suppressed while the amoA expression was 
less affected by light radiation (Wang et al., 2021a). While several 
studies compare photoinhibition effect on AOM and NOB, there 
are a lot of variations in the literature in physiological responses 
of nitrifiers to abiotic factors due to limited cultured representative 
of AOA, AOB, and NOB and even more sparse pure cultures 
availability, differences in studies design, and populations 
complexities (for example, field analysis vs. using laboratory 
analysis) making it difficult to draw a comprehensive picture of 
environmental factors influencing nitrification activity among 
nitrifiers. We  observed that during diurnal light regimen, 
comammox N. inopinata demonstrates delayed and surprisingly 
interrupted complete nitrification activity demonstrating nitrite 
accumulation and leading to therefore ceased nitrate production 
(Figure  5A). This unexpected result suggests that the nitrite 
oxidation step of comammox metabolism is more susceptible to 
repeated prolonged illumination than ammonia oxidation. 
Observed in this study delay in nitrification activity after 60 min 
of dim light exposure (Figs.  2A, B) may explain why nitrate 
production is stopped during diurnal light exposure as cultures do 
not have sufficient time to recover during 16 h of dark regimen 
before the next round of illumination happens. This suggests that 
a gene regulation may be involved in the recovery of ammonia 
oxidation; however, more experiments are necessary to explore 
specifically the molecular responses of comammox to light.

The widespread distribution of comammox in natural and 
man-made environments and its important role in the nitrogen cycle 
highlights the importance of ecophysiology studies to better 
understand its spatial localization within microbial communities. 
Abiotic factors that have been presently identified to strongly 
influence abundance and structure of comammox Nitrospira include 
pH, salinity, iron availability, total oxygen content, ammonia and 
nitrite availability, and sediment particle size (Sun et  al., 2020). 
Salinity was proposed to play a crucial role in comammox 
distribution preventing its ocean colonization (Kuypers, 2017; Santos 
et al., 2018) and showed a negative effect on comammox (Sun et al., 
2020). Photoinhibition has been thought to play a role in the spatial 
distribution of AOM in water columns and for the restriction of the 
nitrification to the low light levels present at the bottom of the 
euphotic zone and deeper in aquatic systems (French et al., 2012; 
Merbt et al., 2017; Horak et al., 2018). Light exposure is an important 
abiotic factor for many microorganisms, but the effect of light on the 
distribution of comammox species remains poorly understood. 
While comammox species so far have not been found in open oceans 
where photoinhibition effect was evaluated for other AOMs, 
comammox is prevalent in many other aquatic habitats that 
experience light irradiation (Liu et al., 2020; Sun et al., 2020). One 
such area is riparian zones where comammox abundance fluctuates 
depending on the wet/dry seasons: comammox was present mostly 
in water during wet season and in sediment during dry season (Lu 
et al., 2020b). Riparian zones are the areas in nature where ammonia 
removal occurs and where oxic/anoxic zones can be found (Naiman 

and Décamps, 1997; McClain et al., 2003). Comammox is proposed 
to have better survival chances in nutrient-poor environment due to 
its high ammonia affinity and metabolic versatility (Daims et al., 
2015; Fowler et  al., 2018; Koch et  al., 2019). Comammox 
consequently was found to be  located in fringe soils between 
rhizosphere and non-rhizosphere in riparian zones where 
microaerobic conditions and low ammonia concentrations are found 
(Wang et al., 2021b). Besides providing a favorable environment for 
comammox, riparian forests also provide shaded conditions 
(Yoshimura and Kubota, 2022) that can protect comammox from 
light overexposure. Ecologically significant interactions between 
abiotic factors and AOM are complex and not fully understood, but 
it is clear that many AOM are found in normally dark locations and 
are quite sensitive to light so this remains a factor that must 
be  considered. Evaluating comammox spatial distribution with 
respect to light penetration in aquatic habitats may help to evaluate 
the importance of light inhibition in controlling the distribution and 
activity of these AOM populations that now thought to play an 
essential role in shaping the nitrogen cycle in freshwater ecosystems.

Photochemically produced reactive oxygen species (ROS) 
including hydrogen peroxide (H2O2) arise from photooxidation of 
chromophoric dissolved organic matter (Cooper et al., 1994) and 
can indirectly contribute to photoinhibition (Morris et al., 2011; 
Baltar et  al., 2013). H2O2 has been shown to negatively affect 
nitrification rates in the ocean with region and taxa specificity (Luo 
et al., 2014; Tolar et al., 2016). Although this inhibition effect of 
H2O2 can be taxa specific, nitrification rates of some AOB and AOA 
species were not affected by H2O2 in the absence of peroxidase or 
catalase genes (Walker et al., 2010; Qin et al., 2017; Horak et al., 
2018). Addition of H2O2 scavengers such as α-Keto acids helps to 
alleviate the negative effect of light on AOA (Kim et al., 2016). 
While the elevated AOA nitrification rates upon addition of α-Keto 
acid have been attributed to mixotrophy, pyruvate incorporation 
into archaeal lipid membranes was insignificant (Kim et al., 2016). 
Instead, α-Keto acids spontaneously detoxify H2O2 using suggested 
nonenzymatic decarboxylation reaction in a similar way as 
dimethylthiourea and catalase perform their H2O2 inactivation 
(Kim et al., 2016). In this study, we tested the effect of pyruvate, an 
α-Keto acid, as supplementation on N. inopinata comammox 
reaction under differential light intensities and found that at higher 
light intensities (60 and 500 μE m−2 S−1) pyruvate appears to play 
protective role against photoinhibition (Figure  4). Although 
comammox N. inopinata is a catalase-positive species (Daims et al., 
2015), capable of withstanding oxidative stress from H2O2 
accumulation (RedCorn et  al., 2022), the supplementation of 
pyruvate may facilitate the removal of ROS under high light 
exposure. Further studies are needed to explore the role of pyruvate 
in comammox N. inopinata physiology, especially under light 
irradiation. Additionally, it is necessary to evaluate ROS production 
by N. inopinata during light exposure.

Taken together, our study provides evidence that comammox 
N. inopinata is inhibited by light at low intensities, but it can tolerate 
short intermittent light exposures. We also found that similarly to 
other AOM comammox N. inopinata nitrification activity is more 

https://doi.org/10.3389/fmicb.2022.1022899
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Gottshall et al. 10.3389/fmicb.2022.1022899

Frontiers in Microbiology 09 frontiersin.org

susceptible to light with shorter wavelengths. The degree of 
N. inopinata photoinhibition is similar to AOA species yet 
N. inopinata appears to be more sensitive than some AOA species to 
light exposure and exhibits slower or non-existent recovery after 
being placed back in the dark. However, photoinhibition of the soil 
AOA N. viennensis appears to be even stronger than in N. inopinata. 
Light likely inactivates AMO enzyme in N. inopinata and may 
potentially damage other enzymes involved in the second step of 
nitrification as suggested by the ceased nitrite oxidation of 
comammox under the diurnal light exposure. Differences in 
comammox metabolisms from other AOM may also reflect possible 
unique modes of photoinhibition in comammox and strategies to 
cope with the light-damaging effect. It would be  interesting to 
compare latitudinal variations in comammox distribution in similar 
physiochemical environments that differ in diurnal regimens.
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