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SUMMARY

The anaerobic ammonium oxidation (anammox) process exerts a very vital role in
the global nitrogen cycle (estimated to contribute 30%–50%N2 production in the
oceans) and presents superiority in water/wastewater nitrogen removal perfor-
mance. Until now, anammox bacteria can convert ammonium (NH4

+) to dinitro-
gen gas (N2) with nitrite (NO2

�), nitric oxide (NO), and even electrode (anode)
as electron acceptors. However, it is still unclear whether anammox bacteria
could utilize photoexcited holes as electron acceptors to directly oxide NH4

+ to
N2. Here, we constructed an anammox-cadmium sulfide nanoparticles (CdS
NPs) biohybrid system. The photoinduced holes from the CdS NPs could be uti-
lized by anammox bacteria to oxidize NH4

+ to N2.
15N-isotope labeling experi-

ments demonstrated that NH2OH instead ofNOwas the real intermediate.Meta-
transcriptomics data further proved a similar pathway for NH4

+ conversion with
anodes as electron acceptors. This study provides a promising and energy-effi-
cient alternative for nitrogen removal from water/wastewater.

INTRODUCTION

Nitrogen (N) is the necessary microelement for all organisms and is of significance to support their growth

and normal metabolisms. However, diet structure change accompanied by the enhanced living standard

will undoubtedly lead to much more protein intake than before by human beings. Consequently, more

N-related pollutants, such as organic nitrogen and ammonium (NH4
+), will further increase the processing

load in sewage systems. For instance, the average nitrogen removal energy by the traditional biological

nitrification-denitrification process was widely believed to be around�2.6–6.2 kWh/kgN,1 which is typically

energy intensive. The energy of biological ammonium conversion to dinitrogen gas approximately oc-

cupies �21.5%–51.2% of the energy (kWh/kg N) that is used to convert dinitrogen gas to ammonium in

the industry (12.1 kWh/kg NH3-N).2,3 Besides the required energy, another main drawback is the produc-

tion of nitrous oxide (N2O), which is a potent greenhouse gas and is a 300-fold stronger greenhouse effect

than CO2.
4

Thus, in order to reduce the energy and cost consumption of conventional nitrification-denitrification pro-

cess, novel technologies have been developed in recent three decades, e.g., partial nitrification-denitrifi-

cation process,5 anaerobic ammonium oxidation (anammox) process,6 and denitrifying anaerobic methane

oxidation process.7 Among them, anammox has attracted more attention, since it can directly oxidize

ammonium with nitrite as electron acceptors anaerobically, as shown in Equation 1. It demonstrated no

aeration and external carbon required compared to the traditional biological nitrification-denitrification

process. Until now, there have been over 100 full-scale anammox applications worldwide.4 Since waste-

water usually contains organic nitrogen and ammonium compounds, the anammox process requires partial

nitrification (transfer partial NH4
+ to NO2

�) to provide substrates. However, the selective inhibition of ni-

trite-oxidizing bacteria is complex and running-system dependent. Therefore, full-scale partial nitrifica-

tion-anammox implements have been mainly for high ammonium concentration wastewater under meso-

philic temperatures conditions, such as the side stream of digestate or some kind of industrial

wastewater.8,9 Moreover, according to Equation 1, further polishing is necessary in order to remove the

generated NO3
� by the anammox process itself, e.g., the traditional denitrification process.

NH+
4 + 1:32NO�

2 + 0:066HCO�
3 + 0:13H+ / 1:02N2 + 0:26NO�

3 + 0:066CH2O0:5N0:15 + 2:03H2O

(Equation 1)
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Recently, promising research first demonstrated that anammox bacteria could oxide NH4
+ to N2 with the

electrode as electron acceptors, via hydroxylamine (NH2OH) as the intermediate.10 According to the above

study, anammox bacteria use OH� ions from H2O to form NH2OH by oxidizing NH4
+ firstly. Then, NH4

+ re-

acts with NH2OH to generate N2H4 as another intermediate. Finally, N2H4 decomposes into N2 and

hydrogen ions.10 The proposed reactions of the electro-anammox were as following Equations 2–510:

NH+
4 + H2O/NH2OH + 3H+ + 2e� (Equation 2)

NH+
4 + NH2OH/N2H4 + H2O+H+ (Equation 3)

N2H4 /N2 + 4H+ + 4e� (Equation 4)

2NH+
4/

+ 0:6 V vs SHE
N2 + 8H+ + 6e� (Equation 5)

Furthermore, Sakimoto and colleagues have developed a more pioneered approach, which constructed a

biohybrid system by combining photosensitizing non-photosynthetic microbes with self-precipitated

metal semiconductor nanoparticles.11 The synthesized metal semiconductor cadmium sulfide (CdS) nano-

particles are excellent candidates for light harvesters in biohybrids due to their tunable band gaps, rich sur-

face-binding sites, excellent extinction coefficients, and favorable conduction/valence band energies.12,13

In the above research, light harvesting semiconductors of CdS were biosynthesized by Moorella thermoa-

cetica to generate acetate from CO2, while cysteine was used as the sacrificial electron donor simulta-

neously.11 Inspired by this research, many similar semiconductor biohybrid systems have recently been

evolved, namely for light-driven CO2 reduction,
14,15 light-driven hydrogen production,16,17 and light-driven

nitrogen fixation.18 The chosen microbes are selected to take up the resultant charge from the inorganic

material via various extracellular electron transfers pathways and perform the requisite complex catalytic

chemistry through their evolved metabolic pathways, ideally generating products of high value at industri-

ally relevant throughputs.19 Notwithstanding only the utilization of photoexcited electrons was targeted

and studied in the above reported research, and the utilization of photoexcited holes by non-photosyn-

thetic microbes seemed to be completely ignored. Ren et al. rationally deduced that nano-semiconductor

would also interact with anammox consortia by constructing phototroph-anammox symbiotic nitrogen

removal system.20 Based on the previous studies, we hypothesize that anammox bacteria might be able

to utilize photoexcited holes as electron acceptors (similar to anodes as electron acceptors) to carry out

the oxidation of NH4
+ to N2. To the best of our knowledge, there is no related study reported until now.

Therefore, we construct the anammox-CdS biohybrid system to investigate whether anammox bacteria can

directly oxidize NH4
+ to N2 gas by utilizing photoexcited holes as electron acceptors in this study. A series

of experiments were carried out to testify to the possibility of the above hypothesis. The ammonium oxida-

tion efficiency of the constructed biohybrid systems was systematically explored and up to 80%, and the

underlying reason for N2 production was investigated in detail. In the end, the possible mechanism of

anammox bacteria utilizing photoexcited holes was also extensively evaluated.

RESULTS

Species and contents of anammox bacteria in the UASB reactor

Fluorescence in situ hybridization analysis of the upflow anaerobic sludge bed (UASB) reactor enrichment

was shown in Figure S1. Among them, the blue color (from DAPI) represented the total bacteria (Fig-

ure S1A), and the red color (from the Cy3 fluorophore of Amx368 probe) represented anammox bacteria

(Figure S1B). In the field of view, anammox bacteria appeared rose red color due to its binding to both

the probe and DAPI (Figure S1C). From Figure S1C, anammox bacteria were evenly distributed in the

UASB reactor enrichment with high abundance. To quantify the abundance of anammox bacteria in the

UASB reactor enrichment, ImageJ (+64-bit Java 1.8.0_172) was further used to count anammox bacteria

and total bacteria, and the average abundance of anammox bacteria was estimated to be about 70%.

And 16S rRNA analysis further illustrated that Candidatus Kuenenia stuttgartiensis and Candidatus Broca-

dia anammoxidans were the dominant species in the enrichment (Figure S2).

Characterization of the biohybrid systems

Until now, only several kinds of nano-semiconductors were reported to successfully construct biohybrid

systems, among which CdS was one of the most popular visible-light harvesting materials due to its
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attractive photocatalytic properties and relatively narrow band gap (2.39 eV).17,21 The microbial-CdS bio-

hybrid system demonstrated CO2-to-fuel, H2 production, and N2 fixation results combined with different

microbes, includingM. thermoacetica, Desulfovibrio desulfuricans, Shewanella oneidensis, Rhodopseudo-

monas palustris, etc.11,17 Thus, CdS nanoparticles were chemically synthesized and mixed with anammox

biomass for over 24 h in order to make them blend completely. The CdS nanoparticles were proved to

be responsive to visible light (l > 420 nm) by UV-vis absorption spectrum (UV-Vis, UH41500304042501, Hi-

tachi, Japan) and Congo red photocatalytic degradation (Figures S3 and S4) and composed of Cd and S

elements based on the observation by an X-ray photoelectron spectrometer (XPS, ESCALAB XI+, Thermo

Fisher Scientific, USA) (Figure S5). The peaks located at 412, 405, and 162 eV were assigned to Cd 3d2/2, Cd

3d5/2, and S 2p, respectively, which indicated the existence of CdS. Ultra-high resolution field emission

scanning electron microscope (HR-SEM, JSM-7900F, Hitachi, Japan), transmission electron microscopy

of high-angle annular dark field (HAADF TEM, SUPER X, FEI, USA), and transmission electron microscopy

(TEM, SUPER X, FEI, USA) observation clearly demonstrated that high intensity of CdS nanoparticles

anchored on the surface of anammox bacteria cells (Figures 1A–1C). Energy dispersive X-ray spectroscopy

Figure 1. Electron microscopy of the anammox-CdS biohybrid system

(A) HR-SEM image of CdS nanoparticles on the surface of anammox biomass.

(B) HAADF TEM image of anammox-CdS biohybrid system.

(C) TEM image of CdS nanoparticles attaching to anammox bacterial surfaces.

(D–I) EDS mapping images of anammox bacteria surfaces mainly composed of cadmium, sulfur, carbon, nitrogen, oxygen, and iron.
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(EDS, Hitachi, Japan) mapping further revealed that the anammox-CdS biohybrid systems consisted of Cd,

S, C, N, O, and Fe elements, in which the latter four elements came from microorganisms obviously

(Figures 1D–1I). X-ray diffractometer analysis (XRD, D8 Advance, Bruker, Germany) (Figure S6) confirmed

the diffraction pattern and further the crystalline nature of the synthesized CdS nanoparticles, which was

consistent with that of CdS cubic structures (standard card JCPDS card no. 80-0019).

Ammonium oxidation profile

To prove the applicability of the anammox-CdS biohybrid system, photocatalytic NH4
+ oxidation experi-

ments were carried out. Figure 2A confirmed NH4
+ removal from the anammox-CdS biohybrid system under

visible light (>420 nm, 9.72 mW/cm2) irradiation. Within 12 h reaction, NH4
+-N concentration decreased from

2.5 to 0.5 mg, indicating a removal efficiency of 80%. Simultaneously, N2 productions were observed from the

very beginning and finally increased to 2.0 mg and cysteine generations were also monitored with a similar

increasing trend as N2. As expected, cysteine was generated from cystine, which quenched photoexcited

electrons as the sacrifice. Figure 2B presented the N balance profiles during the whole experiment. The total

nitrogen (TN) amount did not keep stale, albeit appeared to increase with reaction time.With further analysis,

the increased part of TN could be ascribed to theN amount included in cysteine in which the contained twoN

atoms would interfere with the NH4
+-N analysis results and further lead to the TN amount increase. Without

considering cysteine interference, the TN amount of N2 + NH4
+ was kept a good balance, as shown in Fig-

ure 2B. Figure 2C showed the effect of three control groups on photocatalytic NH4
+ oxidation. There were

the control 1 with active anammox bacteria and light but no CdS nanoparticles (NPs), the control 2 with active

anammox bacteria andCdSNPs but no light, and the control 3 with light and CdSNPs but no active anammox

bacteria. As shown in Figure 2C, the NH4
+-N concentrations in all three controls were kept very stable as the

initial, while NH4
+-N concentrations in the experimental group appeared a clear decrease trend. These re-

sults illustrated that light, active anammox bacteria and CdS NPs were necessary components for NH4
+-N

removal in our light-driven NH4
+ removal process. Moreover, real-time PCR analysis demonstrated that

anammox bacteria could grow dependent on NH4
+ and photoexcited holes in the biohybrid system with a

growth rate of 0.044 days�1 (doubling time = 22.7 days, Table S1).

Molecular mechanism of photocatalytic-dependent anammox pathway

After verifying that anammox biomass was photocatalytic active, isotope labeling experiments were imple-

mented to further exploit how NH4
+ was converted to N2 by the anammox-CdS biohybrid system. In this

scenario, 15NH4
+ was used as the sole N source and substrate for anammox biomass instead of 14NH4

+.

In order to avoid the destruction of the anammox-CdS biohybrid system, only liquid supernatant was

poured out from the vials before isotope labeling 15NH4
+ addition. Thus, both the residual 14NH4

+ and

the added 15NH4
+ could react with the residual 14NO2

� via normal anammox reaction to produce 28N2

and 29N2, respectively, as shown in Figure 3. Synchronously, 30N2 production was also detected with a quite

high level compared to both 28N2 and
29N2 from the very beginning of the experiments. Due to the low

levels of the residual 14NH4
+ and 14NO2

�, both of themwere soon consumed only after 3 h reaction. Where-

after, a steady increase of 30N2 was continuously observed during the follow-up experiment. These results

further verified that NH4
+ could be converted to N2 by anammox biomass with photoexcited holes as sole

electron acceptors.

Kartal et al. proposed a set of three redox reactions (Equations 6–8) involving N2H4 and nitric oxide (NO) as

the intermediates to explain the overall anammox stoichiometry (Equation 9), which were based on a series

of analyses of the anammox bacterium Candidatus K. stuttgartiensis.22 Oshiki et al. explored the molecular

mechanism of the anammox bacterium ‘‘Candidatus Brocadia sinica’’ and demonstrated that ‘‘Candidatus

B. sinica’’ could reduce NO2
� to NH2OH, instead of NO, with as yet unidentified nitrite reductase.23 Shaw

et al. suggested that NH2OH, instead of NO, was an intermediate of the electrode-dependent anammox

process, which exploited ammonium oxidation of Candidatus Scalindua, Candidatus Brocadia, and

Figure 2. Photocatalytic activity of the anammox-CdS biohybrid system

The anammox-CdS biohybrid system irradiated at an LED lamp (490 nm) was fed with 25 mg-N/L NH4
+ and 0.1 g cystine.

(A) Removal of NH4
+ and production of N2 and cysteine over time.

(B) The balance of total nitrogen including NH4
+-N, cysteine-N, and N2-N.

(C) NH4
+ variations in three control groups with active anammox bacteria/no CdS/light, with active anammox bacteria/

CdS/no light, and with no active anammox bacteria/CdS/light. All the results were the average of tri-measurements with

standard error.
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Candidatus K. stuttgartiensiswith anodes as the only electrons acceptors.10 Therefore, both possibilities of

NH2OH and NO as the intermediate were explored in our scenario. Similarly, 2-phenyl-4,4,5,5,-

tetramethylimidazoline-1-oxyl-3-oxide (PTIO) was used as the NO scavenger to investigate whether NO

was the intermediate of the photocatalytic-anammox process. The normal anammox process with NH4
+

and NO2
� as the substrate was severely hindered with PTIO addition, and ammonium concentration did

not reduce anymore during the whole reaction period (Figure S7A). While no any inhibitory impact was

observed in the photocatalytic experimental vials with PTIO addition, as shown in Figure S7B. The PTIO

experiments proved NO not the real intermediate during the photocatalytic-anammox process.

NO�
2 + 2H+ + e� /NO+H2O

�
E0
0 = + 0:38V

�
(Equation 6)

NO + NH+
4 + 2H+ + 3e� /N2H4 +H2O

�
E0
0 = + 0:06V

�
(Equation 7)

N2H4 /N2 + 4H+ + 4e� �
E0
0 = � 0:75V

�
(Equation 8)

NH+
4 + NO�

2 /N2 + 2H2O ðDGo0 = � 357 kJ =molÞ (Equation 9)

On the other hand, 15NH4
+ (25 mg-N/L) and 14NH2OH (12.5 mg-N/L) were added into the anammox-CdS

biohybrid systems to exploit whether NH2OH was the intermediate during the photocatalytic NH4
+-N

oxidation process by anammox biomass. As our hypothesis, anammox bacteria would preferentially

convert 14NH2OH and 15NH4
+ to produce 29N2. Simultaneously, the photocatalytic 15NH4

+ oxidation led

to the accumulation of 15NH2OH, which reacted with 15NH4
+ further to generate 30N2. Figure 4 confirmed

the generation of both 29N2 and 30N2 as our expectation. The above isotope experiments implied that

NH2OH, instead of NO in the normal anammox reaction, was the real intermediate during the photocata-

lytic NH4
+-N oxidation process by anammox biomass.

Metatranscriptomic analysis of the anammox-CdS biohybrid system

To understand the possible metabolic pathways in response to the photoexcited holes-dependent

ammonium oxidation to nitrogen, the transcriptomic alternation was analyzed by comparing the photo-

catalytic-anammox process with the normal anammox process (Figure 5). Since the level of mRNA cannot

proportionally reflect the expression of the protein they encode, it is very difficult to accurately forecast

the protein function and activity only according to quantitative transcriptome results. Therefore, the

following discussion from metatranscriptomic data analysis is our assumption. When it was under

Figure 3. Time course of the anaerobic oxidation of 15NH4
+ to 28N2,

29N2, and
30N2

The anammox-CdS biohybrid system was added 25 mg-N/L 15NH4
+ under the irradiation of an LED lamp (490 nm). 30N2

was produced by the 15NH4
+ oxidation, production of 29N2 was synthesized from 15NH4

+ and the residual 14NO2
� in the

sample, and 28N2 was produced by a trace amount of 14NH4
+ and 14NO2

�.
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light-driven conditions (NH4
+ as the only substrate), 101 genes were upregulated and 248 were downre-

gulated over 10 times generally (Data S1 and S2). For N metabolism and extracellular electron transfer,

there were 10 genes upregulated shown in Table S2. Among the upregulated genes, the gene encoding

hydroxylamine reductase (Hcp) was upregulated over 16-fold; in fact, it is a kind of ammonia oxidoreduc-

tase and can oxidize NH3 to NH2OH.24 This finding positively supported our assumption that NH2OH was

the real intermediate in the photocatalytic-anammox process. Whereafter, the formed NH2OH would be

condensed with NH4
+ to generate N2H4 by hydrazine synthase (HZS).25 Eventually, N2H4 would be

oxidized to N2 by hydrozine dehydrogenase (HDH) and this step would release four low potential elec-

trons to the quinone pool for the balance and the next cycle.22 As there was no difference between

the photocatalytic and normal anammox process in N2H4 generation and degradation, no pronounced

discrepancy was monitored for the genes encoding HZS and HDH proteins in comparative transcriptomic

analysis. On the other hand, there were 11 genes downregulated over 10 times for N metabolism, as

shown in Table S3. Most downregulated genes were related to NO3
� or NO2

� conversion inside anam-

mox bacteria. For instance, the gene encoding Nar/Nxr was downregulated, which was usually respon-

sible for NO3
� reduction to NO2

�26 or NO2
� oxidation to NO3

�.27 Another example was the gene encod-

ing Nir downregulated 2.2-fold, which was usually responsible for reducing NO2
� to NO.23 Generally, all

the downregulated genes could be explained by the fact that neither NO3
� nor NO2

� was provided in

our scenario.

Another important issue requiring to be addressed was the electron transfer from intracellular to extracel-

lular photoexcited holes. In this case, there was several significant gene expression found in this electron

transfer aspect. First, the genes encoding bc-1 was upregulated 2.9-fold (shown in Table S4), which was

able to accept the electrons from N2H4 oxidation and transfer them into the cytoplasm.28 Then the proton

motive force would be generated and promote ATP synthesis.28,29 Additionally, the gene encoding Fer

located in the cytoplasm was upregulated as well, which was considered as an electronic shuttle as a

non-heme electronic carrier.10 Since no other related genes were found to be upregulated, it was proposed

that the gene encoding Fer might play a role in electron transfer from the anammoxosome membrane to

the inner membrane.28,30 Furthermore, the cytochromes (kustd1708) or NADH-DU (both upregulated) were

able to transfer electrons to the cytochrome (kustd1705, no obvious upregulated) located in the peri-

plasm.31–33 Subsequently, electrons were transferred to the cytochrome (kustd1710, upregulated) located

on the outer membrane and would finally be captured by the photoexcited holes produced by CdS NPs.

Previous studies reported that the porin-cytochrome proteins might have the function of extracellular elec-

tron transfer and be widespread in many phyla.34,35 Notwithstanding, no porin-cytochrome proteins were

found to be highly expressed in our study, which was different from the results of Shaw et al.10 Further in-

vestigations must focus on the mechanism of electron transfer in the photocatalytic-anammox process.

Figure 4. Time course of 30N2,
29N2, and

28N2 generation from 15NH4
+ and 14NH2OH in the anammox-CdS

biohybrid system
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Generally, the possible metabolism was expressed in Figure 5 and the suggested photosynthetic reaction

for NH4
+ oxidation was as following:

Electron-hole pair photogeneration:

hv/
CdS

h+ + e� (Equation 10)

NH4
+ oxidation to N2:

2NH+
4 + 6h+ /N2 + 8H+ (Equation 11)

Cyss reduction to Cys:

Cyss + 2H+ + 2e�/
Anammox=CdS

2Cys (Equation 12)

Overall photosynthetic reaction:

2NH+
4 + 3Cyss + 6hv/

Anammox=CdS
N2 + 6Cys+ 2H+ (Equation 13)

DISCUSSION

In fact, 1 h of solar irradiation could match our yearly global consumption demand, and sunlight present

incomparable advantages in the renewable energy field.36,37 The combination of inorganic semiconduc-

tors and non-photosynthetic microorganisms undoubtedly expanded the utilization of light energy, and

might unfold the most salient attributes of semiconductors and microorganisms. Hitherto, all the con-

structed semiconductor-non-photosynthetic bacteria systems had mainly focused on the utilization of

photoexcited electrons, which had been used for acetic acid,11 H2,
17,38 and NH3

18 production from CO2,

H2O, and N2 reduction, respectively. None of the studies pays attention to the utilization of photoexcited

holes by non-photosynthetic microbes. Consequently, it is the first time in this study to demonstrate the

feasibility that photoexcited holes can be utilized by non-photosynthetic microbes to oxidize pollutants,

e.g., NH4
+. Other than photoexcited electrons, the applicability of photoexcited holes will further

outspread the applicability of the semiconductors-bacterial hybrid system. Traditional wastewater treat-

ment systems have been always deemed as energy-intensive. In addition, approximately 1000 km3 of

Figure 5. Mechanism diagram of photocatalytic oxidation of NH4
+

Gene and gene clusters are shown in green if upregulated and the gray color corresponds to genes that are expressed under similar levels in both conditions

(i.e., normal anammox process). Dashed lines represent the possible electron transfer process. The reactions are catalyzed by the Cytc (hemes): Membrane-

anchored heme cytochrome c; Cyt c (1 heme): Mono-heme c-type cytochrome; Cyt c (4 hemes): Tetraheme c-type cytochrome; NADH-DU: NADH

dehydrogenase; Fer: Similar to conserved hypothetical ferredoxin-like protein; AmtB: Ammonium transport protein; bc-1: Rieske/cytochrome b complex;

Hcp: Hydroxylamine reductase; HZS: Hydrazine synthase; HDH: Hydrazine dehydrogenase.
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municipal wastewater and 2.01 Gt municipal solid waste are released globally, which pose serious environ-

mental and public health concerns especially in developing countries.39 Undoubtedly, a huge amount of

energy is required to implement hazard-free treatment. Our developed semiconductor-bacterial hybrid

system, e.g., photoexcited holes utilization system, will provide an alternative to conventional wastewater

treatment with much less energy consumption.

Besides semiconductors and vial microbes, another essential prerequisite for the semiconductor-bacterial

hybrid system is the sacrifice reagent, which was cysteine with the function of quenching the photoexcited holes

(h+). For photosensitized bacteria, cysteine and ascorbic acid, as typical hole scavengers, usually limit the appli-

cation scale-up.40Obviously, in order to ensure the economic viability and applicability of a semiconductors-bac-

terial hybrid system, the h+ scavenger needs to be regenerated, low cost, and biocompatible.40 In this scenario,

we proved that photoexcited holes were utilized by non-photosynthetic bacteria to oxidize ammonium while

cystine, as the sacrifice reagent, was used to capture photoexcited electrons and reduced to cysteine (Figure 2).

Forty-five years ago, Austrian phytochemist Broda41 predicted the existence of two groups of missing au-

totrophs, e.g., phototrophy and chemolithrophys, which could use ammonium as an electron donor and

NO2
�/NO3

� as electron acceptors to make dinitrogen gas. Twenty-seven years ago, Netherlandish micro-

biologists discovered and identified the missing chemolithotrophs as anammox bacteria.42,43 In Broda’s

prediction, the phototrophy responsible for NH4
+ oxidation with light as an energy source may be analo-

gous to colored sulfur bacteria. While the above-mentioned phototrophy still remains undiscovered. In this

study, we demonstrated that anammox bacteria could utilize photoexcited holes as electron acceptors to

convert NH4
+ to N2 and grow. These results are believed to benefit the exploration and discovery of the

missing phototrophy predicted by Broda in 1977. Simultaneously, NH4
+ removal by the photocatalytic-

anammox anammox is a superior alternative to traditional biological or non-biological NH4
+ removal pro-

cessed from water/wastewater with much less energy and cost consumption.

Conclusions

An anammox-semiconductor biohybrid system by coating biocompatible CdS on the anammox cell sur-

face is constructed via facile strategies. The photoinduced holes from the CdS NPs could be utilized by

anammox bacteria to convert NH4
+ to N2 without N2O, NO2

�, or NO3
� accumulation. It can be proved

that the anammox-CdS biohybrid system has photoautotrophic viability, and this study provides a prom-

ising and energy-efficient alternative for nitrogen removal from water/wastewater.

Limitations of the study

Although we constructed an anammox-CdS biohybrid system and utilized photoexcited holes as electron

acceptors to directly oxide NH4
+ to N2, such a study can never cover all eventualities. Hence, future

research will have to provide further evidence on the mechanism of photoexcited holes oxidation and

the possibility of other bacteria using photoexcited holes oxidation.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Sen Qiao (qscyj@mail.dlut.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

d All data produced in this study are included in the published article and its supplementary information

and supplementary data, or are available from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Preparation and characterization of cadmium sulfide (CdS)

The method for preparing CdS nanoparticles was roughly the same as that described by Dumbrava et al.44

The CdS nanoparticles were prepared by the grinding method. Firstly, Cd(CH3COO)2$2H2O (2.66 g) was

dissolved in 1.75 mL polyethylene glycol (PEG 400). Then, CH3CSNH2 (0.75 g) was added and the mixture

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Anammox bacteria A lab-scale Up-flow Anaerobic

Sludge Bed (UASB) reactor

N/A

Candidatus Kuenenia stuttgartiensis Anammox bacteria N/A

Chemicals, peptides, and recombinant proteins

2-phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) Macklin P838429; CAS: 18390-00-6
15NH4Cl (

15N, 99%) Cambridge Isotope Laboratories NLM-467-5

Deposited data

Raw and analyzed data This paper SRR23019768

Experimental models: Organisms/strains

Anammox bacteria A lab-scale Up-flow Anaerobic

Sludge Bed (UASB) reactor

N/A

Candidatus Kuenenia stuttgartiensis Anammox bacteria N/A

Oligonucleotides

Probes: EUB338 (50-FAM-GCTGCCTCCCGTAGGAGT-30)

and Amx0368 (50-CCTTTCGGGCATTGCGAA-30)

This paper N/A

Primers: 341F (CCTACGGGNGGCWGCAG) and 805R

(GACTACHVGGGTATCTAATCC)

This paper N/A

Primers: Amx809F (GCCGTAAACGATGGGCACT) and

Amx1066R (AACGTCTCACGACACGAGCTG)

This paper N/A

Software and algorithms

Image-Pro Plus This paper N/A
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was grinded until completely dissolved. The mixed solution was intermittently grinded and placed over-

night to obtain a uniform yellow paste, stirred with ultrapure water for 10 min, finally washed with ultrapure

water several times, dried and grinded to obtain orange-yellow powders. XRDwas used to identify the crys-

talline properties (the 2q range of 20�–90�) and the crystal form of the produced orange-yellow CdS nano-

particles. XPS was utilized to investigate the constituent elements, valence state and relative content of

substances. The UV-Vis absorption spectrum was used to detect the CdS absorption spectrum in the range

of 300–800 nm. HR-SEM, HAADF TEM and TEMwere used to observe the surface morphology of anammox

bacteria combined with CdS nanoparticles, and EDS was used to detect the element content and distribu-

tion on the surface of anammox bacteria.

Cadmium sulfide photocatalytic ability experiment

The experiments demonstrating the photocatalytic ability of CdS were consistent with the method used by

Jin et al.15 100 mg of CdS nanoparticles were added to Congo Red solution (200 mL, 30 mg/L), and stirred

for 30min under dark conditions to reach adsorption-desorption equilibrium. Then the solution surface was

irradiated with a halogen lamp at a distance of 15 cm for one hour, and sample was abstracted at 0, 15, 30,

45, and 60 min. The concentration of Congo Red in the solution was measured using the UV-Vis absorption

spectrum (UV-Vis, UH41500304042501, Hitachi, Japan) to scan the full-wave. The ultrapure water was the

reference solution. The UV absorption spectrum of Congo Red solutions was scanned in the range of

300–800 nm, and the absorption peaks of Congo Red appeared at 497 and 347 nm.

Cultivation of anammox biomass and its combination with CdS

Anammox biomass was enriched and cultivated by a lab-scale Up-flow Anaerobic Sludge Bed (UASB)

reactor. The reactor adopted a continuous water inlet and outlet method, keeping the temperature con-

stant at 35G 2�C. The composition of the culture medium was shown in Table S4. The concentration range

of ammonia nitrogen and nitrite nitrogen were NH4
+-N (50-100 mg-N/L) and NO2

�-N (66-132 mg-N/L),

respectively (NO2
�-N/NH4

+-N about 1.32, in line with the theoretical ratio of the normal anammox reac-

tion). The hydraulic retention time was set as 4 h.

5 g wet weight of anammox biomass was adopted from the reactor, washed several times with phosphate

buffered solution (PBS) solution, and added into an experimental vial. The vial contained 100 mL of the cul-

ture medium without NH4
+-N and NO2

�-N, sparged with helium to ensure anaerobic conditions in the vial.

Then 0.25 g of CdS nanoparticles were put into the vial, fully contacted the anammox biomass and incu-

bated in a constant temperature shaker at 35�Cwith a speed of 100 rpm for 24 h. At this time, the CdS nano-

particles had been bound to the surface of anammox biomass to form the anammox-CdS biohybrid system.

Photocatalytic NH4
+-N oxidation in the anammox-CdS biohybrid system

After constructing the anammox-CdS biohybrid system, the supernatant of the vial was poured out and then

the vial was added 100 mL the medium containing 25 mg-N/L NH4
+-N, and 0.1 g cystine. Helium gas was

sparged to remove the possible remained oxygen before refilling the medium, and the experimental vial

was irradiated with a LED lamp (490 nm) at a constant temperature of 35�C. The control group without anam-

mox biomass was the non-biological control group, the one without CdS nanoparticles was the positive con-

trol group, and the one without LED light was the negative control group. The other conditions of the control

groups were kept as the same with experimental groups. The qualities of NH4
+-N, NO2

�-N andNO3
�-N were

determined by an ion chromatograph (DIONEX ICS, Thermo Fisher, USA); the quality of cysteine was de-

tected by high performance liquid chromatography (HPLC, LC-20A, SHIMADZU, Japan); the qualities of N2

and N2O were detected by gas chromatograph (GC7900, Tianmei, China).

Bioanalysis in the anammox-CdS biohybrid system

1 g wet weight of anammox biomass was adopted from the reactor, washed several times with PBS solution,

and sent to Shanghai Bioengineering Company, to perform fluorescence in situ hybridization (FISH) detec-

tion. Samples of anammox biomass were fixed, hybridized and eluted, and further observed and imaged by

a laser scanning confocal microscope (Confocal laser scanning microscope, Olympus, Japan). The

collected images were counted using Image-Pro Plus software. EUB338 (50-FAM-GCTGCCTCCCGTAG

GAGT-30) and Amx0368 (50-CCTTTCGGGCATTGCGAA-30) were used as probes for total bacteria and

anammox bacteria, respectively.
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Samples of anammox biomass in the UASB reactor were washed several times with PBS solution and sent to

Shanghai Bioengineering Company, to conduct 16S rDNA microbial classification and sequencing to analyze

the microbial community. DNA extraction, PCR amplification and sequencing procedures were as follows.

DNA extraction kit (OMEGA EZNATMMag-Bind Soil DNA Kit, Norcross, GA, U.S.) was used to extract the total

DNAof themicrobial community, andPCRamplificationwas carried out after detectionof thepurity andconcen-

tration of the extracted DNA. The corresponding region of primers was 16S V3-V4 region that the upstream

primer was 341F (CCTACGGGNGGCWGCAG) and the downstream primer was 805R (GACTACHVGG

GTATCTAATCC). The amplified PCR was identified, purified and quantified, and then a library was constructed

and sequenced by Illumina. OTU clustering and taxonomic analysis were performed on the data.

The real-time fluorescent quantitative PCR technology (qPCR, LightCycler480 I, Rotkreuz, Switzerland) was

used to quantitatively analyze the abundance of the anammox bacteria without CdS and the biomass in the

anammox-CdS biohybrid system. During the stable period, 5 g wet weight of anammox biomass was ex-

tracted for photocatalytic NH4
+-N oxidation experiment, as described above. The control group was to

run the normal anammox reaction (with NH4
+ 25 mg-N/L and NO2

� 33 mg-N/L). On the 7th day of the

experiment, the biomass in the experimental group and the control group were centrifuged several times

with PBS solution (10000 rpm, centrifugation for 5 min), and 1g wet weight biomass were sampled and

quickly frozen with liquid nitrogen for 1 min, and sent to Shanghai Bioengineering Company for analysis.

The primer sequence of the target gene was shown in Table S5.

The function of NO in photocatalytic reaction

The anammox-CdS biohybrid system was incubated with NH4
+-N of 25 mg-N/L, PTIO (2-phenyl-4,4,5,5-tet-

ramethylimidazoline-3-oxo- 1-Oxygen) of 500 mg/L co-cultivation for 9 h. As NO scavenger,10 PTIO can react

with NO to generate PTI (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl) derivatives, and simulta-

neously produce nitrite and nitrate, thereby eliminating NO. In order to explore the effects of PTIO, two con-

trol experiments were conducted in parallel. One control was the same anammox-CdS biohybrid system

(NH4
+-N of 25 mg/L) only without PTIO addition. The other control, with PTIO addition, utilized NH4

+

(25 mg/L) and NO2
� (33 mg/L) as the substrate to run normal anammox reaction. Other components of

the medium were the same as those described in part of photocatalytic NH4
+-N oxidation experiment.

15N isotope tracer experiment in the anammox-CdS biohybrid system

The 15N stable isotope tracer experiment was used to explore the pathway of NH4
+-N conversion in the

anammox-CdS biohybrid system. After anammox biomass was combined with the CdS nanoparticles,

the supernatant was poured out, and the labeled 15NH4Cl of 25 mg-N/L (Cambridge Isotope Laboratories,

Trading Company, USA), 0.1 g cystine were added to the vial along with 100 mL medium incubated for 9 h

(sparged with helium to ensure anaerobic conditions in the vial), and with gas sample analysis every 3 h. The

concentration of 28N2,
29N2,

30N2,
14NO, 15NO, 28N2O, 29N2O and 30N2O were measured by a gas chroma-

tography-mass spectrometer (GCMS-QP, SHIMADZU, Japan).

To exploit the real intermediate product during photocatalytic NH4
+-N oxidation process, the anammox-

CdS biohybrid system was incubated with 15NH4Cl of 25 mg-N/L (Cambridge Isotope Laboratories,

Trading Company, USA) and 14NH2OH of 12.5 mg-N/L for 9 h, and extracted the headspace gas every

3 h to detect the content of 30N2,
29N2 and

28N2 produced by the gas chromatography-mass spectrometer

(GCMS-QP, SHIMADZU, Japan).

Metatranscriptomic sequencing analysis

Possible metabolic pathways for photocatalytic NH4
+-N oxidation was exploited through metatranscrip-

tomic sequencing analysis. The anammox-CdS biohybrid system (the experimental group) was cultured

for 7 days and the biomass samples were washed three times with PBS, and 3 g wet weight of anammox

biomass was quickly frozen in liquid nitrogen. The control group samples were taken from the lab-scale

UASB anammox reactor with NH4
+-N and NO2

�-N as the substrate, respectively. The treatment method

was the same as the experimental group. Samples of the experimental group and the control group

were sent to Shanghai Bioengineering Company for further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the results were the average of tri-measurements with standard error.
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