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Abstract  

Due to their capacity to assimilate carbon dioxide and nutrients, microalgae-based 

cultivation systems have emerged as a green solution for intensive wastewater 

treatment. However, when large concentrations of ammonium are present the 

competition between microalgae and ammonium-oxidising bacteria (AOB) plays a 

significant role. Microalgae (MA) use ammonium to synthesise proteins, photosynthetic 

pigments and nucleic acids, while AOB use it as a source of electrons and oxidise it to 

nitrite.  

Several authors have studied the isolated factors that influence microalgae-nitrifying 

bacteria competition, although a comprehensive analysis of this interesting topic is still 

lacking. This review makes an overall assessment of the competition between 

microalgae and AOB for ammonium uptake, focusing on: I) factors that influence the 

competition; II) methods of measuring the activity and concentrations of microalgae and 
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nitrifying bacteria; III) useful strategies to control nitrification to improve the 

performance of microalgae-based wastewater treatment systems. 

 

Keywords: ammonium; competition; microalgae; nitrification; wastewater 

1. Introduction 

Microalgae (MA) cultivation is attracting increasing interest as intensive green tertiary 

wastewater treatment from the scientific community all over the world [1–10]. 

Phototrophic microalgae can remove large amounts of nutrients from the medium while 

fixing carbon dioxide to produce microalgae biomass, which can then be used to obtain 

by-products such as biofuels and fertilisers [11–14]. Recent studies have focused on the 

design of different microalgae cultivation technologies,  the different wastewater 

streams to be treated by microalgae and the parameters affecting microalgae 

performance [4,8,15–20]. However, when microalgae are cultivated outdoors, non-

aseptic conditions trigger the proliferation of other microorganisms such as 

heterotrophic bacteria, protozoa, intrusive microalgae, fungi, etc., competing with 

microalgae for nutrient assimilation [1,21–26]. With wastewater from anaerobic 

processes such as digestates, centrates and effluents from anaerobic membrane 

bioreactor (AnMBR) systems or aerobic secondary effluents, heterotrophic bacteria 

activity is usually neglected as their organic matter content is mostly recalcitrant to 

biodegradation [11]. As ammonium (NH4) is usually present in these wastewater 

streams [27,28], the competition between microalgae and autotrophic nitrifying bacteria 

(specifically ammonium oxidising bacteria (AOB)) for ammonium uptake plays a 

significant role [29–31]. There are several ways of dealing with microalgae-nitrifying 

bacteria cultivation systems to treat high ammonium-loaded wastewater streams, 

depending on the final goal of the process: 



3 
 

i) Maximising microalgae activity to improve nitrogen and phosphorus removal, thus 

reducing the nutrient concentration of the effluent common in wastewaters with middle 

or low ammonium concentrations, i.e. 20-80 mg N·L-1 [32]. 

ii) Maximising microalgae activity to increase by-products produced by microalgae 

biomass [33]. 

iii) Favouring nitrification by the oxygen production of microalgae to reduce the 

ammonium load, which in turn reduces system aeration requirements [28,34,35].  

One or other organism will be more active, according to the goal of the mixed 

microalgae-nitrifying bacteria system. 

Although many studies analyse the factors which affect microalgae (such as  

temperature, light, nutrient concentration, dilution rate, etc.) [7,8,36,37], their influence 

on the competition between microalgae and AOB for ammonium uptake is often 

overlooked, given little attention, or is evaluated by only considering one of the isolated 

factors. For instance, Choi et al. [38] reported that microalgae growth was favoured over 

AOB under appropriate lighting and nutrient-replete conditions, while González-

Camejo et al. [39] suggested that high temperature peaks could make AOB growth 

surpass microalgae activity. Other authors have studied the metabolic routes of 

microalgae [36,40] and nitrifying bacteria [41] separately. However, a comprehensive 

analysis of this competition is still lacking.  

It should be noted that nitrification can be the main ammonium removal pathway in 

microalgae cultivation systems, even if there is much less AOB biomass than 

microalgae. Methods of measuring the activity and the abundance of both microalgae 

and nitrifying bacteria are thus essential to monitor culture dynamics during continuous 

operation. 
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This review makes an overall assessment of the competition between microalgae and 

AOB for ammonium uptake in suspended cultures, focusing on: I) factors that influence 

MA-AOB competition; II) methods of measuring the concentration and activity of both 

microalgae and nitrifying bacteria within the mixed culture; III) nitrification control 

strategies. This is expected to be useful to wastewater treatment systems based on MA-

AOB cultures as it could help to improve the process performance by 

maximising/minimising microalgae activity and/or nitrification. 

 

2. MA-AOB competition for ammonium uptake 

Microalgae use ammonium for the synthesis of proteins, photosynthetic pigments and 

nucleic acids [13,42]. On the other hand, nitrifying bacteria mainly use NH4 as a source 

of electrons in the nitrification process, producing nitrite (NO2) and nitrate (NO3) 

(Figure 1). Hence, in high NH4-loaded wastewater treatment systems based on 

microalgae cultivation, an equilibrium often exists between microalgae and AOB 

[39,45]. However, if ammonium is not present in excess, microalgae and AOB reduce 

the NH4 concentration of the culture, limiting their activities [46]. 

[FIGURE 1 NEAR HERE] 

As can be seen in Table 1, cultures with higher nitrification usually reach lower 

microalgae performance in terms of nitrogen removal rate or nitrogen removal 

efficiency. For instance, González-Camejo et al. [47], who treated AnMBR effluent in 

an outdoor membrane  photobioreactor (MPBR) system, obtained a nitrogen removal 

rate (NRR) and nitrogen removal efficiency (NRE) of 19.7 mg N·L-1·d-1 and 59.8%, 

respectively, when nitrification only accounted for 34.6% of the influent ammonium, 

while they decreased to 14.5 mg N·L-1·d-1 and 32.6%, respectively, when nitrification 

rose to 57.2% of the influent NH4 concentration. This suggests partial microalgae 
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limitation due to an increasing nitrification rate. Under lab-conditions, Rada-Ariza et al. 

[45] reported an NRR of 5.4 mg N·L-1·d-1 when nitrification achieved 40% of total NH4 

removed, while it dropped to 1.6 mg N·L-1·d-1 when nitrification accounted for 66% of 

the total NH4 removed. The factors that influence microalgae activity and nitrification 

thus need further study. 

[TABLE 1 NEAR HERE] 

Microalgae can also have a negative impact on nitrifiers [35,38,50]. Although some 

authors found no significant influence of nitrification on microalgae activity [34], others 

obtained symbiotic benefits between microalgae and nitrifying organisms [44,51]. MA-

AOB competition must thus be analysed in depth to fully understand the behaviour of 

microalgae-based wastewater treatment system. 

 

3. Factors influencing microalgae-nitrifying bacteria cultivation  

Different medium characteristics and environmental and operational conditions can 

greatly affect microalgae or nitrifying bacteria, and shift their equilibrium [31,52]. The 

most important factors related to both microalgae and nitrifying bacteria activity are 

depicted in Figure 2 and discussed below. In this study, the word “microalgae” is 

considered to refer to eukaryotic microalgae. The most common indigenous wastewater 

microalgae are Chlorella, Scenedesmus, Monoraphium, Chlamydomonas, etc, [52,53].  

[FIGURE 2 NEAR HERE] 

3.1. Temperature 

Temperature is a key factor in the rate of enzymatic processes [54,55]. Microalgae 

growth increases with temperature until they reach the optimum, which is strain-specific 

[56]. Scenedesmus and Chlorella usually have growth rates in the range of 0.3-0.9 d-1 

[32,57–59]. However, when temperature is higher than the optimum value even by only 
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2-4ºC, microalgae growth can fall drastically [60]. In the case of a mixed microalgae 

culture dominated by Chlorella, González-Camejo et al. [39] reported that microalgae 

viability fell significantly when temperature was over 30 ºC.  

The AOB growth rate sharply increases at higher temperatures. In this respect, AOB 

growth has been reported to be 0.9 d-1 at 20 ºC but reaches 2.9 d-1 at 30 ºC [61]. 

Temperature peaks can thus have a noteworthy influence on MA-AOB competition. If 

high temperatures are maintained, nitrification will increase steadily, and nitrifying 

bacteria will outcompete the microalgae, while if temperature drops, nitrification will 

fall and microalgae activity could be able to recover [39,62].  

3.2. Light  

The importance of light irradiance on the MA-AOB competition is mainly due to 

microalgae as it is probably the main factor involved in phototrophic growth [63]. In 

fact, when a culture is light-irradiated under proper conditions, microalgae are usually 

the dominant organism in MA-AOB competition [64]. However, in an open or closed 

photobioreactor (PBR), light intensity is exponentially reduced with PBR depth due to 

the scattering of the culture biomass, the inorganic matter and the microalgae pigments 

[65,66]. This light attenuation is indirectly measured by the extinction coefficient (Ka) 

[67], together with other factors that affect light availability, like microalgae adaptation 

to light changes or the microalgae cells´ age [33]. The Lambert-Beer Law (Eq. S1) is 

normally used to calculate the average light irradiance (Iav,), which represents the 

average irradiance to which the microalgae culture is exposed inside the PBR [67,68]. 

Iav (better than total irradiance) is thus the factor which determines microalgae activity. 

Although nitrifying bacteria do not need light for their metabolism, excessive light 

irradiance can affect them negatively [41,50]. For instance, Akizuki et al. [29] reported 

nitrification inhibition at incident light intensities over 450 µmol·m-2·s-1, while Merbt et 
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al. [69] observed photoinhibition of AOB Nitrosomonas europaea and Nitrosospira 

multiformis at light irradiance of 500 µmol·m-2·s-1. Meng et al. [70] found inhibition of 

Nitrospiraceae (nitrite oxidising bacteria (NOB)) under incident light irradiances over 

180 µmol·m-2·s-1. In fact, NOB are usually more sensitive to light than AOB [71,72], 

implying that photoinhibition can lead to partial nitrification, i.e. accumulation of nitrite 

due to the inhibition of the second step of nitrification [70].  

3.3. Nitrogen concentration 

Of all the nitrogen sources that microalgae can assimilate, NH4, NO2 and NO3 are the 

only ones involved in the nitrification process. The distribution of these nitrogen species 

in the wastewater is highly relevant in the MA-AOB interaction [24]. 

3.3.1. Ammonium/free ammonia nitrogen (NH4/FAN) 

Ammonium is the preferred nitrogen species for microalgae, since its uptake needs less 

energy than other sources [55,73]. In this respect, González-Camejo et al. [39] reported 

ammonium uptake rates of microalgae up to 15-fold higher than nitrite and nitrate 

uptake rates in lab-scale PBRs.  

The influence of NH4 is analogous in both microalgae and AOB and their growth rate is 

limited with low ammonium availability. In the case of microalgae, ammonium 

concentrations under 10 mg N·L-1 have been found to significantly affect their growth 

[53,74]. However, AOB can support NH4 scarcity more efficiently than microalgae. 

According to Reichert et al. [75], the semi-saturation constant of AOB growth with 

respect to ammonium is only 0.5 mg N·L-1. This suggests that under low ammonium 

concentrations, AOB can induce microalgae growth limitation [8]. 

It should also be noted that ammonium is in equilibrium with free ammonia nitrogen 

(FAN), which is toxic to both microalgae and AOB [12,30,76]. This equilibrium 

favours FAN at high nitrogen concentrations, temperature and pH (over 9) (see Eq. S2). 
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For this, ammonium-rich wastewater streams such as centrates, which can contain up to 

1000 mg N-NH4·L-1, have often to be diluted prior to being added to microalgae-

nitrifying bacteria cultures [1,58], This way, not only ammonia but also other toxic 

substances are diluted [51]. FAN has been reported to inhibit NOB more than AOB 

[14]. In fact, the toxic FAN concentration for NOB has been found to be in the range of 

0.1-3 mg N·L-1, while AOB can support ammonia concentrations over 10 mg N·L-1 

[77].  

3.3.2. Nitrite/free nitrous acid (NO2/FNA) 

Since nitrite is the product of the first step of nitrification and a substrate for NOB, if 

NOB are more affected by any biotic or abiotic factor other than AOB, NO2 can be 

expected to accumulate [76]. Nitrite can act as a nitrogen source for microalgae [72], 

although it can also have negative effects on photosynthesis. For instance, González-

Camejo et al. [47] reported a decay in the performance of a mixed microalgae culture 

dominated by Chlorella when nitrite concentration was 5-20 mg N·L-1, and Yang et al. 

[78] found reduced growth of green microalgae Botryococcus braunii at 70 mg N·L-1. It 

is assumed that this effect is in fact due to an accumulation of free nitrous acid (FNA), 

which is in acid-base equilibrium with nitrite. FNA has also been found to inhibit 

nitrifying bacteria at concentrations as low as 200 µg N·L-1 and 30 µg N·L-1 for AOB 

and NOB, respectively [79,80].  

3.3.3. Nitrate (NO3) 

Nitrate, the final product of nitrification, is usually more innocuous to aquatic life than 

ammonium and nitrite [30,76]. If residual nitrogen is emitted from a MA-AOB 

cultivation system, it will be less problematical if the nitrogen is in the form of nitrate. 

However, microalgae assimilate NO3 less efficiently than ammonium, as they have to 

reduce it internally by the action of the nitrate and nitrite reductase enzymes [8,14,73].  
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3.4. pH 

pH affects the MA-AOB culture in two aspects: I) it regulates their metabolic pathways; 

microalgae present optimum pH at around 7-8 [81,82], while the optimum pH range for 

AOB and NOB has been reported to be 7.4-7.8 [83] and 7.5-9.95 [84], respectively; II) 

pH is related to the acid-base equilibrium of the medium [11], so that it is related to the 

production of FAN and FNA (Section 3.3). It should be remembered that pH not only 

affects the biological process, but also microalgae autotrophic activity entails pH rises 

[81] while nitrification reduces pH due to a drop in culture alkalinity [85]. 

3.5. SRT/HRT/dilution rate 

Solids retention time  (SRT) and hydraulic retention time  (HRT) are essential operating 

parameters in continuous and semi-continuous operations as they can be used to control 

factors related MA-AOB systems [34,86]. In cultivation systems with no biomass 

retention, HRT (or dilution rate as the inverse of HRT) controls the biomass 

concentration and nutrient loads to the culture. On the other hand, when HRT and SRT 

are decoupled (for instance, in MPBR systems [32] or in raceway reactors coupled to 

membrane filtration [87]), SRT appears as the key parameter in the control of biomass 

concentration to improve light availability and avoid washout [88–90] while HRT is 

responsible for the nutrient load to the system, thus being a key factor in the nutrient 

removal efficiency of the system [46,91].  

It must be noted that shorter SRTs boost the growth of the fastest microorganisms [92], 

which can favour bacteria growth with respect to microalgae [47]. 

3.6. Oxygen concentration 

In a microalgae-nitrifying bacteria culture, oxygen is mainly produced from microalgae 

photosynthesis. Indeed, oxygen concentration is often used as an indirect measurement 

of microalgae performance [93]. Oxygen is needed to carry out nitrification [24]. 
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Depending on the microalgae activity within the culture, there will be four different 

situations [29]: I) low microalgae activity, which produces insufficient oxygen to carry 

out nitrification [93]; II) enough oxygen to develop the first step of nitrification (via 

nitrite); III) sufficient oxygen to carry out full nitrification (via nitrate); i.e. over 2 mg·L-

1; IV) production of oversaturated dissolved oxygen, i.e. over 250% (around 20-25 

mg·L-1), which can reduce microalgae performance [94]. 

3.7. Soluble microbial products (SMP)/Extracellular polymeric substances (EPS) 

Soluble microbial products (SMP) and extracellular polymeric substances (EPS) include 

proteins, polysaccharides, nucleic acids and are a result of microalgae and bacteria 

activity [95,96]. It has been reported that stressing factors such as extreme temperatures 

and nutrient limitation can increase the release of SMP/EPS to the culture [97]. 

However, microalgae do not usually take advantage of this organic matter since most 

microalgae species tend to grow autotrophically under lighting [2,15]. On the other 

hand, excessive SMP/EPS in microalgae-bacteria cultures tends to favour the growth of 

competing organisms such as heterotrophic bacteria and grazers, reducing microalgae 

performance [98]. It can also reduce nitrifying bacteria activity due to oxygen depletion 

[24].  

 

4. Measuring culture activity 

The microbial state of the culture will be defined by the activity of both microalgae and 

nitrifying bacteria. The most active microorganism will dominate the competition, while 

they will be in equilibrium if they show similar activity. Several parameters are often 

needed to properly assess the overall activity since some of these parameters are based 

on analysing microalgae while others focus on nitrifying bacteria. Figure 3 gives a 
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summary of the methods of measuring microalgae and nitrifying bacteria 

activity/concentration. 

[FIGURE 3 NEAR HERE] 

4.1. Nutrient removal  

The main goal of microalgae-based wastewater treatment systems is to reduce the 

nitrogen and phosphorus loads of the influent. This nutrient removal mainly occurs due 

to: I) microalgae growth; II) nitrifying bacteria growth; III) nitrogen losses due to 

ammonia stripping; and iv) phosphorus precipitation. During nitrification, nitrogen is 

not removed from the system, only changes its oxidation state. Other mechanisms of 

removing nutrients like phosphorus adsorption in the culture biomass or volatilisation of 

N2/N2O are often negligible [99]. 

There are two different approaches to evaluate nutrient removal: nutrient removal 

efficiency and nutrient removal rate. The former considers the percentage of nutrient 

concentration removed from the influent (Eq. S3), while the latter measures the rate at 

which nutrients are removed from the system (Eq. S4).  

4.2. Biomass productivity 

Biomass productivity is the culture biomass produced and taken out of the PBRs [100] 

and can be calculated by Eq. S5. It is usually related to nutrient removal [101] so that it 

is a useful parameter to assess wastewater treatment processes. It also appears an 

essential factor in microalgae cultures designed to obtain by-products [13]. 

4.3. Photosynthetic efficiency  

As photosynthetic efficiency measures the capacity of microalgae to use the light 

applied to the PBRs (Eq. S6), it is a useful parameter to evaluate photolimitation or 

photoinhibition processes [102]. It is also a relevant parameter in evaluating microalgae 

production and designing PBRs [103]. Although it gives no direct information on the 
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activity of nitrifying bacteria, a decay in photosynthetic efficiency can be due to bacteria 

proliferation.  

4.4. Respirometry 

Respirometry is a simple and cheap method based on dissolved oxygen (DO) profiles 

[85,96]. In the case of microalgae-nitrifying bacteria cultures, it consists of batch tests in 

which light and dark (L/D) phases alternate to obtain the oxygen production rate (OPR) 

or the oxygen uptake rate (OUR). The L/D phases can be repeated several times during 

the test to obtain replicates of the OPR and OUR values. Nutrients can be added as 

substrate to obtain maximum activity while substances like allylthiourea (ATU) can be 

injected to inhibit AOB [104]. The oxygen profile is the result of several processes: I) 

OPR by microalgae; II) OUR by nitrification; III) OUR by microalgae respiration; IV) 

and OUR by heterotrophic bacteria respiration [105,106]. The gross OPR/OUR value 

differ according to the weight of each component and gives valuable information on the 

activity of the different organisms in the culture [107]. 

Although many respirometric protocols have been reported in the literature (Table 2), 

the results are usually hard to compare [85]. To overcome this issue, Rossi et al. [104] 

stated that the following data should be reported to make these protocols comparable: 

i. Microalgae cultivation system: environmental and operational conditions, 

composition of the microbial community and culture characteristics. 

ii. Respirometric procedure: initial culture concentration, nutrient sources and their 

concentrations, setpoints for temperature, pH and dissolved oxygen, light 

intensity, test procedure (protocol and duration of light and dark phases) and 

processed OPR and OUR data. 

The main advantages of respirometry are its: I) low-cost; II) possibility to obtain both 

OPR/OUR in the same test; III) it can measure specific kinetic parameters; and IV) 
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good test reproducibility. However it also has some drawbacks: I) off-site test that 

cannot be carried out in-situ nor continuously monitored; II) it usually includes an 

acclimatation phase that takes time; III) it can be affected by oxygen mass transfer from 

the atmosphere; and IV) it sometimes has to be supplied with external aeration or pH 

control [85,104]. 

[TABLE 2 NEAR HERE] 

4.5. Chlorophyll fluorescence parameters 

Chlorophyll fluorescence parameters, i.e. parameters that evaluate variations in the 

photosystem II (PS II) photochemistry and linear photon flux [112], indirectly measure 

the adaptability of microalgae to certain environmental and operating conditions [104]. 

Maximum PS II quantum efficiency (Fv/Fm) is the most frequently used fluorescence 

parameter and represents the maximum efficiency at which light absorbed by PS II is 

used for the reduction of the primary quinone electron acceptor (QA). In this respect, 

Sánchez-Zurano et al. [113] suggested that Fv/Fm values below 0.6 indicated 

photoinhibition. However, Baker [114] found issues related to the accuracy of this value 

and its relation to the rates of linear CO2 assimilation. These parameters give no direct 

information on nitrification. In fact, González-Camejo et al. [32] did not find any 

statistically significant relationship between Fv/Fm and microalgae-bacteria performance 

in the continuous operation of a mixed MA-AOB culture.  

4.6. pH dynamics 

pH data can monitor online the activity of mixed microalgae-bacteria cultures due to the 

pH variations caused by their metabolic activity. Robles et al. [115] used pH sensors to 

describe the start-up phase of an outdoor raceway pond treating urban wastewater, while 

González-Camejo et al. [116] reported a good correlation between pH dynamics and 

performance of an outdoor MPBR plant treating AnMBR effluent.  
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4.7. Nitrite and nitrate concentrations  

Some authors have used nitrite and nitrate concentrations as an indirect measure of 

nitrifying bacteria activity [29,48]. However, these parameters cannot be used to 

directly evaluate nitrification if NO2/NO3 are present in the influent in relevant 

concentrations, since some of the nitrite and nitrate present in the culture would not be 

due to nitrification but to the influent in which case nitrification rate (Section 4.8) would 

be a better indicator of nitrifying bacteria activity. 

4.8. Nitrification rate 

Nitrification rate measures the production of nitrite and nitrate during nitrification (Eq. 

S7). Microalgae can assimilate nitrite and nitrate simultaneously with ammonium [39] 

although the amount assimilated by microalgae cannot be assessed by the nitrification 

rate. When microalgae absorb relevant amounts of nitrite and nitrate, the evaluation of 

nitrifying bacteria activity should thus be complemented by other methods such as 

respirometry (Section 4.4). 

5. Measuring culture concentration 

The culture biomass concentration also gives information on MA-AOB competition, as 

microalgae and bacteria concentrations are closely related to biomass productivity and 

nutrient removal rates [52,86]. In microalgae-bacteria cultures, microalgae are usually 

the dominant organism mainly due to their larger cell size. In this respect, Luo et al. 

[90] reported only 0.2-3.5% of bacteria in a lab-scale microalgae cultivation system. For 

this reason, some methods of assessing culture biomass concentration consider the 

whole biomass as if it were only composed of microalgae, so that several methods 

should be used to measure the distribution of microalgae and bacteria and evaluate the 

competition between these microorganisms [22]. 



15 
 

5.1. Biomass dry weight 

The common method of measuring biomass concentration is by quantifying the total 

(TSS) or volatile suspended solids (VSS) concentration. This is a low-cost method, 

although time-consuming: at least 2 hours for TSS and around 24 hours for VSS [22].  

This measure will include not only the mass of microalgae and bacteria but also any 

other compound present in the culture such as cell debris and SMP/EPS  as it cannot 

distinguish between them [52,106]. 

5.2. Chlorophyll concentration 

Chlorophyll concentration has traditionally been used as an indirect measure of 

microalgae concentration [64]. Although it gives no information on bacteria [104], the 

relation between chlorophyll and total biomass (mg Chla·mg VSS-1) can serve as a 

proxy for the microalgae-bacteria ratio [22]. 

The trichromatic method can be used to measure chlorophyll and consists of extracting 

the chlorophyll from the culture biomass by solvents such as acetone. The solution 

composed of the extracted chlorophyll and the solvent is then measured by 

spectrophotometer analysis [117]. Chlorophyll a concentration can then be calculated by 

applying Jeffrey and Humphrey’s Equation (Eq.S8), being a simple and inexpensive  

method [22]. However, chlorophyll concentration as a proxy for microalgae biomass 

content is somewhat controversial since microalgae can vary their intracellular 

chlorophyll content with the lighting conditions, showing higher chlorophyll a content 

when microalgae are light-limited to take full advantage of light irradiance [118]. Other 

limitations of chlorophyll analysis lie in the incomplete efficiency of chlorophyll 

extraction by the solvent and the presence of molecules that can interfere with the 

spectrophotometric analysis. Similar limitations are present in measuring the 

concentration of other pigments such as carotenoids and phycocyanin [22].  
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5.3. Optical density 

Optical density (OD) is based on the linear relationship between light absorbance and 

particle concentration [22]. It is often used as it is fast and cheap, only requires a small 

sample and can be monitored online [119]. Selecting the wavelength to be measured is a 

critical point and should minimise absorbance from the medium, thus reducing 

background noise. Wavelengths in the range of 600-700 nm are usually applied in 

bacterial cultures [120]. In those dominated by green microalgae, the most frequently 

used wavelength is 680 nm, as it coincides with the chlorophyll absorption peak 

[121,122]. However, some authors have employed other wavelengths to measure 

biomass concentration in microalgae-based systems (Table 3).  

The calibration curve which relates OD and biomass concentration varies throughout 

the experimental period and is a drawback of using optical density, due to changes in 

the microalgae pigment content, the dominant microalgae species and the proportion of 

microalgae and bacteria. This can cause serious errors when measuring biomass 

concentration [22].  

[TABLE 3 NEAR HERE] 

5.4. Cell counting 

Cell counting under a microscope is another common method of measuring microalgae 

biomass. It can quantify not only the total microalgae concentration but also distinguish 

between genera or species on a morphological basis (Figure 4), although it gives no 

information on bacteria identity [104]. A minimum of 100 microalgae cells of the most 

abundant genera and at least 300 total microalgae cells need to be counted to achieve 

less than a 20% error [127]. After counting, microalgae concentration can be correlated 

with dry weight as long as microalgae are the dominant organism. However, this linear 
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relationship will not always occur as the method does not consider microalgae cell size, 

which can vary significantly [22].  

With large microalgae colonies or flocs in the sample, serious errors can occur in 

counting due to the difficulty of counting inside a floc and the lack of random cell 

distribution in the area counted [22]. 

[FIGURE 4 NEAR HERE] 

5.5. Autofluorescent pigments, fluorescent probes and dyes 

Information on some of the most frequently used fluorophores for bacterial cells is 

given in the Supplementary Data. Fluorescent dyes are not needed for microalgae cells 

due to the autofluorescence provided by their photosynthetic pigments. Microalgae emit 

red fluorescence (λem = 670 nm) when the cells are illuminated by a blue-light excitation 

filter (λex: 460–490 nm), as seen in Figure 5. Although the fluorescent dyes included 

mainly focus on the detection of total bacterial cells, SYTOX Green and fluorescein 

diacetate (FDA) have also been used to detect non-viable cells. The simultaneous 

detection of live and dead microalgae or bacterial cells is therefore possible by applying 

double fluorescent staining.  

Propidium iode (PI) stain is also widely used for cell viability staining [128,129]. 

However, the maximum emission wavelength is in the same range as microalgae 

photosynthetic pigments, so that the two signals overlap. On the other hand, SYTOX 

green only penetrates non-viable cells and does not overlap with photosynthetic 

pigments [130], so that red autofluorescence and SYTOX green fluorescence can be 

used as markers for viable and non-viable microalgal cells, respectively (Figure 5B). 

Despite the variety of dyes, it is not possible to classify taxonomically bacteria by the 

generic fluorescent dyes described in the Supplementary Data. The fluorescence in-situ 

hybridization (FISH) microscopic technique is widely used to identify different 
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taxonomic groups of bacteria using probes with different non-overlapping 

fluorochromes [22]. The main FISH probes used to detect the bacterial domain 

(specifically AOB) are also compiled in the Supplementary Data. This method was used 

by González-Camejo et al. [131] and Mantovani et al. [28] to detect AOB diversity in 

mixed microalgae cultures. However, FISH is not normally used to identify 

photosynthetic organisms due to signal interference with autofluorescence given by the 

microalgae photosynthetic pigments. Hosoi-Tanabe and Sako [132,133] designed 

ribosomal RNA-based probes for the detection of phytoplanktonic organisms, 

specifically dinoflagellates.  

[FIGURE 5 NEAR HERE] 

Target organisms in stained samples are quantified by epifluorescence microscopy with 

an image acquisition system and image processing, although this is a time-consuming 

technique [134].  

5.6. Flow Cytometry 

5.6.1. Conventional Flow Cytometry 

Flow cytometry (FCM) is a powerful tool for single-cell analysis that can provide a 

rapid, direct and precise quantification of cells in samples containing heterogeneous 

microbial populations [22]. It can count more than 1000 cells (or events)·s-1 directly in 

the sample by using an automated fluid-optical system [135]. In conventional 

cytometers, cells suspended in a liquid sample are aspirated and swiped in front of an 

illumination source with the subsequent detection of light scatter (forward scatter 

(FSC); side scatter (SSC)) and the fluorescence responses of cells in the sample. Cell or 

event classification is performed according to their size (FSC), internal complexity 

(SSC) and through fluorescence emissions (given by cell staining or autofluorescence). 

The data obtained for analysing the cell or event are plotted from empirical correlations 
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among FSC, SSC and fluorescence and two dimensional cytograms. Due to the sample 

complexity, these correlations should be previously determined by a calibration 

procedure using standard samples as well as negative and positive controls. By way of 

example, Foladori et al. [136], Luo et al. [137] and Petrini et al. [85] combined FCM 

with fluorescent molecular probes for rapid quantification of microalgal and bacterial 

cells and to assess their physiological state for wastewater treatment purposes. 

The main limitation of FCM is given by cell aggregation and multicellular organisms. 

Bacteria cells can live attached to microalgal [138] and some microalgae genera such as 

Scenedesmus or Coelastrum can develop a coenobia structure, thus underestimating the 

analysed populations. Non-ionic surfactants [139] and sonication [140] are also feasible 

options to pre-treat the samples and disperse cell aggregates. 

Conventional flow cytometer also features Fluorescence Activated Cell Sorting 

(FACS). This is a powerful tool for the rapid identification, separation and recovery of 

targeted cells from a heterogeneous cell suspension, based on the signal detected [141]. 

It is widely used for microalgae strain selection and further sequencing of microalgae 

[142] and combined with FISH, AOB cells can be identified, stored and isolated [141]. 

5.6.2. Imaging Flow Cytometry (IFC) 

Imaging Flow Cytometry (IFC) combines single-cell identification and high FCM 

throughput with cellular image acquisition of fluorescence microscopy [143]. The 

images captured can be visualised and analysed by an image processor. IFC is 

recommended for analysing samples containing cellular aggregates and multicellular 

organisms, since the true nature of every event read can be verified from the 2D images 

obtained. IFC has been used to determine the relative abundance of microalgae species; 

to analyse microalgae cell size; to determine their viability and metabolic activity; and 

to define different life stages of microalgae  [144,145]. Despite all its advantages, the 
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taxonomic resolution provided by image acquisition is relatively low. In addition, to 

assess different microalgae cell sizes it is necessary to use a combination of 

magnification objectives and working modes [144,146]. IFC is not used to quantify free 

bacteria such as AOB in wastewater as it is complicated and provides no significant 

information other than that obtained by FCM [146].   

5.7. Sequencing-based techniques 

5.7.1. Polymerase Chain Reaction (PCR) 

Molecular analyses are the most sensitive and specific method for microorganism 

identification. They are based on targeted sequencing of amplified gene regions or 

"amplicon sequencing", i.e. they consist of Polymerase Chain Reaction (PCR) 

amplification of a target gene, followed by short-read sequencing of the obtained 

amplicon. The PCR technique has been widely used to identify bacteria and archaea 

[147,148]. 

5.7.2. Quantitative real time PCR (qPCR) 

The microbial community can be classified and detected by PCR, but not quantified. 

Quantitative real time PCR (qPCR) is a DNA amplification and quantification technique 

using specific fluorescent dyes to combine PCR amplification and detection stages, 

allowing the quantification of the concentration of genetic material in samples [148]. 

qPCR measures the DNA produced through the increase in the fluorescent signal after 

fluorescent staining. 

5.7.3. Next Generation Sequencing (NGS) 

PCR and qPCR require previous knowledge of the organisms of interest and provide 

little information on the general dynamics of the microbial community, while the 

emergence of NGS helps to understand complex microbial communities. NGS involves 
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a variety of high-throughput nucleic acid sequencing technique which can retrieve 

millions of DNA or RNA sequences from environmental samples [149].  

5.7.4. Application of sequencing-based techniques 

Most studies of AOB populations target the 16S rRNA gene as amplicon sequencing, as 

it is a universal gene for bacteria and archaea and can determine the taxonomy or 

phylogeny of microbial population members. The 16S rRNA gene is about 1500-bases 

long and has relatively conserved regions and nine variable regions (from V1 to V9) 

which range from 50 to 100 bp in length [150]. Analyses of AOB populations have 

amplified segments of the following variable regions: V2 [151,152], V3-V4 [153,154], 

V6 [155] and V7-V8 [156] with the primers listed in the Supplementary Data. Although 

the 16S rRNA gene has been widely used to study AOB at the phylogenetic level, the 

amoA gene has also been applied as a molecular marker for AOB organisms through 

the primers described by Rotthauwe et al. [157] and compiled in the Supplementary 

Data. The amoA gene encoding the alpha-subunit of ammonia monooxygenase, which 

is the metalloenzyme responsible for catalysing ammonia oxidation to hydroxylamine 

[158]. This gene is thus involved in the first step of nitrification and has been found 

only in organisms capable of oxidising ammonia, such as AOB.  

Unlike AOB, no universal standard DNA sequence has been found for microalgae 

identification and quantification. Intensive research on microalgae identification is 

currently focused on the search for molecular markers that can be used to successfully 

identify and/or quantify a wide spectrum of microalgae. However, a universal sequence 

to establish a single sequence DNA barcode system is apparently not possible. 

However, in the case of specific taxonomic groups with different phylogenetic 

positions, the identification of microalgal populations would be performed with 

different sets of target sequences [159]. 
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Most molecular research on microalgae has used a rather limited set of markers, such as 

18S rDNA, rbcL (large subunit of plasma Rubisco), internal transcribed spacers (ITS) 

or plastid elongation factor (tufA) [160,161]. 

Fawley and Fawley (2020) recommended starting with sequencing of the 18S rDNA 

gene for identifying the higher taxonomic groups such as order or class because the 

available sequences set for this gene is a very large database. The primers selected 

should include the most variable region of the target gene such as the V4 and V9 region 

of the 18S rRNA [163].  

In case of microalgae genus (or family), more specific primers based on specific 

protein-coding genes can be selected for species-level identification [164–166].  

As the gene region between the large (rbcL spacer) and small (rbcS spacer) subunits of 

RuBisCO is not variable enough to identify all strains [167]. Chase et al. [168] proposed 

that the rbcL marker be combined with others. ITS1 and ITS2 markers are sufficiently 

variable to differentiate algal strains within species [164,167,169]. However, few ITS 

sequences are available in the databases. The tufA marker appears to be a promising 

specific marker for class-level classification [160]. 

At present there is no general classification technique that identifies all microalgal 

species, so that when a single area of the genetic material is not enough to address 

questions related to a specific group, it is recommended to combine two or more 

regions.  For this it is necessary to choose the appropriate marker set, based not only on 

the genetic divergence of the group and the existence of reference sequences in 

databases, but also on the previous experience of other researchers to facilitate the 

selection of the appropriate markers for each group. The most commonly used markers 

(and their combinations) to identify indigenous microalgae from WWTPs are listed in 

the Supplementary Data.  
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5.8. Simultaneous measurement of microalgae and AOB concentration 

The most promising methods of accurately determining the proportion of microalgae 

and AOB in a sample are: I) the combination of FISH and autofluorescence of 

microalgae; II) the combination of FISH and flow cytometry; III) sequencing-based 

techniques and; IV) respirometries (Section 4.4). 

FISH and autofluorescence of microalgae: by combining FISH probe fluorescence for 

AOB and microalgae autofluorescence, the proportion of AOB (%AOB) and microalgae 

(%MA) in a sample can be estimated. An image processing system can be used to 

determine the area occupied by photosynthetic organisms, AOB and the rest of the 

bacteria (determined by Eubacteria FISH probes [170]). This method measures the 

proportion of AOB and MA in terms of area, which is supposed to be equivalent to the 

volume and biomass of the populations.  

FISH technique and flow cytometry: by combining fluorescence signals and FSC and 

SSC measurements, the proportion of microalgae and AOB in a biological sample can 

be quantified. The technique can discriminate not only by colour but also by size and 

complexity [114], although there are some technical limitations. The main drawback is 

that to differentiate between both populations the flow cytometer must be calibrated 

with standard samples (usually pure cultures of the target organism). In samples with 

high biodiversity, calibration of the flow cytometer is complex, time-consuming and 

depends on the sample to be analysed in each case. Accurate quantification by 

cytometry requires the complete disaggregation of the samples (as the cytometer counts 

events) and there may be a high degree of bias if the aggregates are estimated as single 

cells instead of a group of cells. In biological samples inorganic compounds (e.g. 

debris) can interfere with the signal of the instrument. The results of this technique are 
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given in an event (hopefully cells) basis instead of cell basis, which could be 

controversial when applying this data directly to mathematical models. 

Sequencing-based techniques: The results obtained from metagenomic techniques 

should be interpreted with caution, since the measured genetic material is not usually 

correlated to the real sample concentration.  The main factors that influence the 

quantitative results are: the efficiency of the sample extraction process; the kind of 

primers used for DNA amplification; the different ratios between initial DNA 

concentration and final concentration after amplification, the sequences available in 

databases; and the algorithms used for data processing [22]. Depending on the target 

population, it is recommended to use a different extraction kit, introducing more 

uncertainty in the biological taxa comparison. The sequencing of microalgae and AOB 

is carried out separately, i.e., one sample is sequenced to obtain the information related 

to the Bacterial domain and another sample for the Eukaryotic domain. The results 

obtained are the relative abundance of AOB compared to bacteria abundance and the 

relative abundance of microalgae and compared to eukaryotic organisms abundance 

[171]. The results obtained are thus not comparable and at present it is not possible to 

determine the ratio of AOB to microalgae in a sample. The main drawback is that these 

techniques quantify gene copies instead of organisms. As the number of gene copies 

varies between genes and organisms it is hard to correlate the obtained results with the 

real number of organisms present in the sample. 

Respirometries: The main advantage of this technique is that it is the only one that 

measures activity instead of the number of microorganisms, which avoids the bias due 

to the presence of non-active AOB or microalgae in the sample. The results can be 

applied directly in mathematical models. 
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6. Nitrification control strategies  

Microalgae normally outcompete AOB due to their greater capacity to uptake nitrogen 

[172]. However, nitrifying bacteria can proliferate faster than microalgae depending on 

operational and environmental conditions [107]. In fact, nitrifiers can surpass 

microalgae as the dominant microorganism in the competence. In some cases 

microalgae can even collapse [39], so that nitrification has to be controlled. Other 

options can minimise nitrifying bacteria growth, hence minimising the decay in 

microalgae performance.  

6.1. Temperature control 

As commented in Section 3.1, temperature is essential in regulating nitrification. 

González-Camejo et al. [39] reported that microalgae-nitrifying bacteria remained in 

equilibrium in flat-panel PBRs when temperature was around 20 ºC, but nitrification 

was favoured when peak temperatures went over 30 ºC. When cultivating microalgae-

bacteria cultures in open ponds the temperatures are usually regulated by evaporation. 

However, closed PBRs can reach temperatures 10 ºC higher than their surroundings 

[173]. Including cooling systems [39,60] can reduce temperature in closed PBRs 

although it involves a drastic increase in the process costs.  

6.2. SRT/HRT control  

As explained in Section 3.6, SRT (or HRT) plays a significant role in MA-AOB 

competition. In terms of process efficiency, SRT (or HRT) tends to be operated for as 

short as possible to reduce costs. However, a too short SRT (around 2 days) can favour 

NO2 accumulation due to higher AOB activity than microalgae and NOB, which can 

reduce microalgae activity significantly [48]. On the other hand, longer SRTs tend to 

increase NOB activity [174], favouring nitrification at the expense of lower microalgae 

growth. Microalgae have been found to be favoured over nitrifiers at mid-range SRT 
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values. González-Camejo et al. [47] reported this range to be 2-4.5 d for an outdoor flat-

panel MPBR system treating AnMBR effluent. 

The most appropriate values of SRT/HRT depend on the culture characteristics (mainly 

biomass concentration and pigment content) as they affect the average light irradiance 

of the culture (Section 3.2). These characteristics will in turn be related to other factors 

such as ambient conditions and nutrient availability [46]. Mathematical models can 

predict the most appropriate SRT/HRT for variable conditions [68,175].   

6.3. Temporary increase of dilution rate 

Once a consistent nitrifying bacteria population has been established within the culture, 

microalgae usually reduce their performance. To change this trend, the dilution rate can 

be increased to wash out the excess bacteria [176]. Raising the dilution rate will also 

reduce microalgae biomass and pigment concentrations, which can favour microalgae 

growth by reducing light attenuation in the reactor (Section 3.2). González-Camejo et 

al. [47] found a significant reduction in the nitrification rate of a microalgae-nitrifying 

bacteria system when the dilution rate was temporarily raised from 0.3 d-1 to 0.5 d-1. 

However, the higher dilution rate only benefits the microalgae for a short time. If the 

operating and ambient conditions favour nitrifying bacteria growth, the nitrification rate 

will be dominant in the long-term. 

6.4. Control of nutrient loads 

Nutrient loading is related to the SRT/HRT/dilution rate. However, the competition 

between microalgae and nitrifying bacteria does not only depend on the influent flow 

rates but also on the distribution of nutrients, as previously explained in Section 3.3. For 

instance, if the ammonium loading rate is negligible, AOB growth will be inhibited. 

However, microalgae will still be able to grow using nitrite or nitrate (although at a 

lower growth rate). This behaviour was reported by González-Camejo et al. [32], who 
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observed an equilibrium between microalgae and bacteria when the ammonium loading 

rate was under 30-35 mg N·L-1·d-1, but a significant proliferation of nitrifying bacteria 

when it went over 40 mg N·L-1·d-1. Other authors have also reported nitrification 

control by adjusting the N:P ratio of the influent [31]. If phosphorus is scarce in the 

medium, nitrifying bacteria will not be able to grow. However, microalgae can use their 

intracellular phosphorus when P is lacking [178].  

6.5. Addition of nitrification inhibitors  

Nitrification can be easily inhibited by adding selective inhibitors. ATU has been 

reported as a transient inhibitor of AOB activity when the concentration in the medium 

is around 5-10 mg·L-1 [39,41,107], while chlorate compounds inhibit the second step of 

nitrification [104]. However, chlorate not only inhibits NOB but can also affect 

microalgae activity and is thus not recommended in MA-AOB systems. On the other 

hand, ATU does not affect microalgae significantly. As AOB growth is inhibited when 

ATU is added, nitrite will not be produced and NOB will thus be limited indirectly due 

to nutrient scarcity, favouring microalgae growth.  

 

Conclusions 

When operating mixed microalgae-bacteria systems using feeding media where 

ammonium is the main nitrogen source, the competition between microalgae and AOB 

for ammonium uptake is expected. Depending on the final goal of the wastewater 

treatment process, the growth of one organism or another will be pursued. When 

nutrient removal and biomass productivity are to be maximised, microalgae activity will 

be favoured. On the other hand, significant nitrification will be desired when 

ammonium influent concentration is high (as in centrates) in order to reduce ammonium 

toxicity and the overall aeration needs of the treatment plant.   
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The activity of both microalgae and nitrifying bacteria can vary significantly with 

different medium characteristics and ambient and operational conditions, affecting 

equilibrium. Some of the important factors that influence (either directly or indirectly) 

microalgae-AOB competition are: temperature, light, nitrogen concentration (and the 

distribution of nitrogen species), pH, and dilution rate. Modifying these factors can thus 

help to improve process performance by maximising/minimising microalgae activity 

and/or nitrification. In this respect, some system control options are the following: I) 

control of culture temperature; II) control of SRT/HRT; III) temporary increase of 

dilution rate; IV) control of nutrient loading rates; and V) adding nitrification inhibitors 

to the culture. However, some of these operations can increase operating costs and 

affect the microalgae cultivation system so that they should be carefully evaluated. 

To assess microalgae-nitrifying bacteria competition, most of the commonly used 

methods focus on measuring either microalgae or nitrifying bacteria activity (or 

concentration). For instance, photosynthetic efficiency and chlorophyll fluorescence 

parameters are specific indicators of microalgae activity, while NO2/NO3 concentrations 

and nitrification rate are indicators of nitrifying bacteria activity. With respect to 

nutrient removal, biomass productivity, optical density and pH dynamics, despite being 

a result of both microalgae and bacteria activities, they are strongly influenced by 

microalgae in most microalgae-based systems, while respirometries can clearly 

distinguish between the activity of both microorganisms. Several of these methods 

should be combined to improve the monitoring of the wastewater treatment process by 

MA-AOB cultivation. Similarly, most methods of analysing the culture biomass 

concentration are based on either microalgae (chlorophyll concentration, cell counting 

and optical density) or bacteria (FISH, flow cytometry and DNA analysis).  



29 
 

Acknowledgements 

This research work was supported by the Spanish Ministry of Economy and 

Competitiveness (MINECO, Projects CTM2014-54980-C2-1-R and CTM2014-54980-

C2-2-R) jointly with the European Regional Development Fund (ERDF), both of which 

are gratefully acknowledged. It was also supported by the Spanish Ministry of 

Education, Culture and Sport via a pre-doctoral FPU fellowship to authors J. González-

Camejo (FPU14/05082) and S. Aparicio (FPU/15/02595). 

 

References 

[1] F.G. Acién, C. Gómez-Serrano, M.M. Morales-Amaral, J.M. Fernández-Sevilla, 

E. Molina-Grima, Wastewater treatment using microalgae: how realistic a 

contribution might it be to significant urban wastewater treatment?, Appl. 

Microbiol. Biotechnol. 100 (2016) 9013–9022. https://doi.org/10.1007/s00253-

016-7835-7. 

[2] G.A. Cuevas-Castillo, F.S. Navarro-Pineda, S.A. Baz Rodríguez, J.C. 

Sacramento Rivero, Advances on the processing of microalgal biomass for 

energy-driven biorefineries, Renew. Sustain. Energy Rev. 125 (2020) 109606. 

https://doi.org/10.1016/j.rser.2019.109606. 

[3] A. Fallahi, F. Rezvani, H. Asgharnejad, E. Khorshidi, N. Hajinajaf, B. Higgins, 

Interactions of Microalgae-Bacteria Consortia for Nutrient Removal from 

Wastewater: a Review, Chemosphere. 272 (2021) 129878. 

https://doi.org/10.1016/j.chemosphere.2021.129878. 

[4] J. González-Camejo, J. Ferrer, A. Seco, R. Barat, Outdoor microalgae-based 

urban wastewater treatment: Recent advances, applications, and future 

perspectives, Wiley Interdiscip. Rev. Water. 8 (2021) 1–24. 



30 
 

https://doi.org/10.1002/wat2.1518. 

[5] R.K. Goswami, S. Mehariya, P. Verma, R. Lavecchia, A. Zuorro, Microalgae-

based biorefineries for sustainable resource recovery from wastewater, J. Water 

Process Eng. 40 (2021) 101747. https://doi.org/10.1016/j.jwpe.2020.101747. 

[6] F. Hussain, S.Z. Shah, H. Ahmad, S.A. Abubshait, H.A. Abubshait, A. Laref, A. 

Manikandan, H.S. Kusuma, M. Iqbal, Microalgae an ecofriendly and sustainable 

wastewater treatment option: Biomass application in biofuel and bio-fertilizer 

production. A review, Renew. Sustain. Energy Rev. 137 (2021) 110603. 

https://doi.org/10.1016/j.rser.2020.110603. 

[7] K. Li, Q. Liu, F. Fang, R. Luo, Q. Lu, W. Zhou, S. Huo, P. Cheng, J. Liu, M. 

Addy, P. Chen, D. Chen, R. Ruan, Microalgae-based wastewater treatment for 

nutrients recovery: A review, Bioresour. Technol. 291 (2019) 121934. 

https://doi.org/10.1016/j.biortech.2019.121934. 

[8] S.F. Mohsenpour, S. Hennige, N. Willoughby, A. Adeloye, T. Gutierrez, 

Integrating micro-algae into wastewater treatment: A review, Sci. Total Environ. 

752 (2021) 142168. https://doi.org/10.1016/j.scitotenv.2020.142168. 

[9] J. Rajesh Banu, Preethi, S. Kavitha, M. Gunasekaran, G. Kumar, Microalgae 

based biorefinery promoting circular bioeconomy-techno economic and life-cycle 

analysis, Bioresour. Technol. 302 (2020) 122822. 

https://doi.org/10.1016/j.biortech.2020.122822. 

[10] R.B. Soares, M.F. Martins, R.F. Gonçalves, A conceptual scenario for the use of 

microalgae biomass for microgeneration in wastewater treatment plants, J. 

Environ. Manage. 252 (2019) 109639. 

https://doi.org/10.1016/j.jenvman.2019.109639. 

[11] S. Rossi, F. Casagli, M. Mantovani, V. Mezzanotte, E. Ficara, Selection of 



31 
 

photosynthesis and respiration models to assess the effect of environmental 

conditions on mixed microalgae consortia grown on wastewater, Bioresour. 

Technol. 305 (2020) 122995. https://doi.org/10.1016/j.biortech.2020.122995. 

[12] S. Rossi, R. Díez-Montero, E. Rueda, F. Castillo Cascino, K. Parati, J. García, E. 

Ficara, Free ammonia inhibition in microalgae and cyanobacteria grown in 

wastewaters: Photo-respirometric evaluation and modelling, Bioresour. Technol. 

305 (2020) 123046. https://doi.org/10.1016/j.biortech.2020.123046. 

[13] A. Shahid, S. Malik, H. Zhu, J. Xu, M.Z. Nawaz, S. Nawaz, M. Asraful Alam, 

M.A. Mehmood, Cultivating microalgae in wastewater for biomass production, 

pollutant removal, and atmospheric carbon mitigation; a review, Sci. Total 

Environ. 704 (2020) 135303. https://doi.org/10.1016/j.scitotenv.2019.135303. 

[14] Y. Su, Revisiting carbon, nitrogen, and phosphorus metabolisms in microalgae 

for wastewater treatment, Sci. Total Environ. 762 (2021) 144590. 

https://doi.org/10.1016/j.scitotenv.2020.144590. 

[15] J. Assunção, F.X. Malcata, Enclosed “non-conventional” photobioreactors for 

microalga production: A review, Algal Res. 52 (2020). 

https://doi.org/10.1016/j.algal.2020.102107. 

[16] S. Gupta, S.B. Pawar, R.A. Pandey, Current practices and challenges in using 

microalgae for treatment of nutrient rich wastewater from agro-based industries, 

Sci. Total Environ. 687 (2019) 1107–1126. 

https://doi.org/10.1016/j.scitotenv.2019.06.115. 

[17] X. Li, W. Li, J. Zhai, H. Wei, Q. Wang, Effect of ammonium nitrogen on 

microalgal growth, biochemical composition and photosynthetic performance in 

mixotrophic cultivation, Bioresour. Technol. 273 (2019) 368–376. 

https://doi.org/10.1016/j.biortech.2018.11.042. 



32 
 

[18] D. Nagarajan, D.J. Lee, C.Y. Chen, J.S. Chang, Resource recovery from 

wastewaters using microalgae-based approaches: A circular bioeconomy 

perspective, Bioresour. Technol. 302 (2020) 122817. 

https://doi.org/10.1016/j.biortech.2020.122817. 

[19] H.N.P. Vo, H.H. Ngo, W. Guo, T.M.H. Nguyen, Y. Liu, Y. Liu, D.D. Nguyen, 

S.W. Chang, A critical review on designs and applications of microalgae-based 

photobioreactors for pollutants treatment, Sci. Total Environ. 651 (2019) 1549–

1568. https://doi.org/10.1016/j.scitotenv.2018.09.282. 

[20] F. Wollmann, S. Dietze, J.U. Ackermann, T. Bley, T. Walther, J. Steingroewer, 

F. Krujatz, Microalgae wastewater treatment: Biological and technological 

approaches, Eng. Life Sci. 19 (2019) 860–871. 

https://doi.org/10.1002/elsc.201900071. 

[21] A. Galès, A. Bonnafous, C. Carré, V. Jauzein, E. Lanouguère, E. Le Floc’h, J. 

Pinoit, C. Poullain, C. Roques, B. Sialve, M. Simier, J.P. Steyer, E. Fouilland, 

Importance of ecological interactions during wastewater treatment using High 

Rate Algal Ponds under different temperate climates, Algal Res. 40 (2019) 

101508. https://doi.org/10.1016/j.algal.2019.101508. 

[22] F. Di Caprio, Methods to quantify biological contaminants in microalgae 

cultures, Algal Res. 49 (2020) 101943. 

https://doi.org/10.1016/j.algal.2020.101943. 

[23] J.G. Day, Y. Gong, Q. Hu, Microzooplanktonic grazers – A potentially 

devastating threat to the commercial success of microalgal mass culture, Algal 

Res. 27 (2017) 356–365. https://doi.org/10.1016/j.algal.2017.08.024. 

[24] A. Fallahi, F. Rezvani, H. Asgharnejad, E. Khorshidi, N. Hajinajaf, B. Higgins, 

Interactions of microalgae-bacteria consortia for nutrient removal from 



33 
 

wastewater: A review, Chemosphere. 272 (2021) 129878. 

https://doi.org/10.1016/j.chemosphere.2021.129878. 

[25] T.P. Lam, T.M. Lee, C.Y. Chen, J.S. Chang, Strategies to control biological 

contaminants during microalgal cultivation in open ponds, Bioresour. Technol. 

252 (2018) 180–187. https://doi.org/10.1016/j.biortech.2017.12.088. 

[26] Y.J. Lee, Z. Lei, Microalgal-bacterial aggregates for wastewater treatment: A 

mini-review, Bioresour. Technol. Reports. 8 (2019) 100199. 

https://doi.org/10.1016/j.biteb.2019.100199. 

[27] A. Seco, S. Aparicio, J. González-Camejo, A. Jiménez-Benítez, O. Mateo, J.F. 

Mora, G. Noriega-Hevia, P. Sanchis-Perucho, R. Serna-García, N. Zamorano-

López, J.B. Giménez, A. Ruiz-Martínez, D. Aguado, R. Barat, L. Borrás, A. 

Bouzas, N. Martí, M. Pachés, J. Ribes, A. Robles, M. V. Ruano, J. Serralta, J. 

Ferrer, Resource recovery from sulphate-rich sewage through an innovative 

anaerobic-based water resource recovery facility (WRRF), Water Sci. Technol. 

78 (2018) 1925–1936. https://doi.org/10.2166/wst.2018.492. 

[28] M. Mantovani, F. Marazzi, R. Fornaroli, M. Bellucci, E. Ficara, V. Mezzanotte, 

Outdoor pilot-scale raceway as a microalgae-bacteria sidestream treatment in a 

WWTP, Sci. Total Environ. 710 (2020). 

https://doi.org/10.1016/j.scitotenv.2019.135583. 

[29] S. Akizuki, M. Kishi, G. Cuevas-Rodríguez, T. Toda, Effects of different light 

conditions on ammonium removal in a consortium of microalgae and partial 

nitrifying granules, Water Res. 171 (2020) 115445. 

https://doi.org/https://doi.org/10.1016/j.watres.2019.115445. 

[30] E. Bankston, Q. Wang, B.T. Higgins, Algae support populations of heterotrophic, 

nitrifying, and phosphate-accumulating bacteria in the treatment of poultry litter 



34 
 

anaerobic digestate, Chem. Eng. J. 398 (2020). 

https://doi.org/10.1016/j.cej.2020.125550. 

[31] M. Bellucci, F. Marazzi, E. Ficara, V. Mezzanotte, Effect of N:P ratio on 

microalgae/nitrifying bacteria community in agro-digestate treatment, Environ. 

Clim. Technol. 24 (2020) 136–148. https://doi.org/10.2478/rtuect-2020-0061. 

[32] J. González-Camejo, S. Aparicio, A. Jiménez-Benítez, M. Pachés, M.V. Ruano, 

L. Borrás, R. Barat, A. Seco, Improving membrane photobioreactor performance 

by reducing light path: operating conditions and key performance indicators, 

Water Res. 172 (2020). https://doi.org/10.1016/j.watres.2020.115518. 

[33] G.I. Romero-Villegas, M. Fiamengo, F.G. Acién Fernández, E. Molina Grima, 

Utilization of centrate for the outdoor production of marine microalgae at pilot-

scale in flat-panel photobioreactors, J. Biotechnol. 284 (2018) 102–114. 

https://doi.org/10.1016/j.jbiotec.2018.08.006. 

[34] A.M. Rada-Ariza, C.M. Lopez-Vazquez, N.P. van der Steen, P.N.L. Lens, 

Nitrification by microalgal-bacterial consortia for ammonium removal in flat 

panel sequencing batch photo-bioreactors, Bioresour. Technol. 245 (2017) 81–

89. https://doi.org/10.1016/j.biortech.2017.08.019. 

[35] A. Sepehri, M.H. Sarrafzadeh, M. Avateffazeli, Interaction between Chlorella 

vulgaris and nitrifying-enriched activated sludge in the treatment of wastewater 

with low C/N ratio, J. Clean. Prod. 247 (2020). 

https://doi.org/10.1016/j.jclepro.2019.119164. 

[36] X. Xu, X. Gu, Z. Wang, W. Shatner, Z. Wang, Progress, challenges and solutions 

of research on photosynthetic carbon sequestration efficiency of microalgae, 

Renew. Sustain. Energy Rev. 110 (2019) 65–82. 

https://doi.org/10.1016/j.rser.2019.04.050. 



35 
 

[37] J. Umamaheswari, S. Shanthakumar, Efficacy of microalgae for industrial 

wastewater treatment: a review on operating conditions, treatment efficiency and 

biomass productivity, Rev. Environ. Sci. Biotechnol. 15 (2016) 265–284. 

https://doi.org/10.1007/s11157-016-9397-7. 

[38] O. Choi, A. Das, C.P. Yu, Z. Hu, Nitrifying bacterial growth inhibition in the 

presence of algae and cyanobacteria, Biotechnol. Bioeng. 107 (2010) 1004–1011. 

https://doi.org/10.1002/bit.22860. 

[39] J. González-Camejo, S. Aparicio, M. V. Ruano, L. Borrás, R. Barat, J. Ferrer, 

Effect of ambient temperature variations on an indigenous microalgae-nitrifying 

bacteria culture dominated by Chlorella, Bioresour. Technol. 290 (2019) 121788. 

https://doi.org/10.1016/j.biortech.2019.121788. 

[40] E.G. Nwoba, D.A. Parlevliet, D.W. Laird, K. Alameh, N.R. Moheimani, Light 

management technologies for increasing algal photobioreactor efficiency, Algal 

Res. 39 (2019) 101433. https://doi.org/10.1016/j.algal.2019.101433. 

[41] S. Lu, X. Liu, C. Liu, G. Cheng, H. Shen, Influence of photoinhibition on 

nitrification by ammonia-oxidizing microorganisms in aquatic ecosystems, Rev. 

Environ. Sci. Bio/Technology. 19 (2020) 531–542. 

https://doi.org/10.1007/s11157-020-09540-2. 

[42] É.G. Baroni, K.Y. Yap, P.A. Webley, P.J. Scales, G.J.O. Martin, The effect of 

nitrogen depletion on the cell size , shape , density and gravitational settling of 

Nannochloropsis salina , Chlorella sp . ( marine ) and Haematococcus pluvialis, 

Algal Res. 39 (2019) 101454. https://doi.org/10.1016/j.algal.2019.101454. 

[43] M.K. Winkler, L. Straka, New directions in biological nitrogen removal and 

recovery from wastewater, Curr. Opin. Biotechnol. 57 (2019) 50–55. 

https://doi.org/10.1016/j.copbio.2018.12.007. 



36 
 

[44] G. Vargas, A. Donoso-Bravo, C. Vergara, G. Ruiz-Filippi, Assessment of 

microalgae and nitrifiers activity in a consortium in a continuous operation and 

the effect of oxygen depletion, Electron. J. Biotechnol. 23 (2016) 63–68. 

https://doi.org/https://doi.org/10.1016/j.ejbt.2016.08.002. 

[45] A.M. Rada-Ariza, D. Fredy, C.M. Lopez-Vazquez, N.P. Van der Steen, P.N.L. 

Lens, Ammonium removal mechanisms in a microalgal-bacterial sequencing-

batch photobioreactor at different solids retention times, Algal Res. 39 (2019) 

101468. https://doi.org/10.1016/j.algal.2019.101468. 

[46] J. González-Camejo, R. Barat, M.V. Ruano, A. Seco, J. Ferrer, Outdoor flat-

panel membrane photobioreactor to treat the effluent of an anaerobic membrane 

bioreactor. Influence of operating, design, and environmental conditions, Water 

Sci. Technol. 78 (2018). https://doi.org/10.2166/wst.2018.259. 

[47] J. González-Camejo, P. Montero, S. Aparicio, M.V. Ruano, L. Borrás, A. Seco, 

R. Barat, Nitrite inhibition of microalgae induced by the competition between 

microalgae and nitrifying bacteria, Water Res. 172 (2020). 

https://doi.org/10.1016/j.watres.2020.115499. 

[48] F. Marazzi, M. Bellucci, S. Rossi, R. Fornaroli, E. Ficara, V. Mezzanotte, 

Outdoor pilot trial integrating a sidestream microalgae process for the treatment 

of centrate under non optimal climate conditions, Algal Res. 39 (2019) 101430. 

https://doi.org/10.1016/j.algal.2019.101430. 

[49] J. González-Camejo, R. Barat, D. Aguado, J. Ferrer, Continuous 3-year outdoor 

operation of a flat-panel membrane photobioreactor to treat effluent from an 

anaerobic membrane bioreactor, Water Res. 169 (2020). 

https://doi.org/10.1016/j.watres.2019.115238. 

[50] D. Wu, M. Cheng, S. Zhao, N. Peng, R. Hu, J. Hu, Y. Liang, Algal Growth 



37 
 

Enhances Light-Mediated Limitation of Bacterial Nitrification in an Aquaculture 

System, Water, Air, Soil Pollut. 231 (2020) 73. https://doi.org/10.1007/s11270-

020-4436-y. 

[51] E. Bankston, Q. Wang, B.T. Higgins, Algae support populations of heterotrophic, 

nitrifying, and phosphate-accumulating bacteria in the treatment of poultry litter 

anaerobic digestate, Chem. Eng. J. (2020) 125550. 

https://doi.org/10.1016/j.cej.2020.125550. 

[52] A. Sánchez-Zurano, C. Gómez-Serrano, F.G. Acién-Fernández, J.M. Fernández-

Sevilla, E. Molina-Grima, A novel photo-respirometry method to characterize 

consortia in microalgae-related wastewater treatment processes, Algal Res. 47 

(2020) 101858. https://doi.org/10.1016/j.algal.2020.101858. 

[53] M. Pachés, R. Martínez-Guijarro, J. González-Camejo, A. Seco, R. Barat, 

Selecting the most suitable microalgae species to treat the effluent from an 

anaerobic membrane bioreactor, Environ. Technol. (United Kingdom). 41 (2020). 

https://doi.org/10.1080/09593330.2018.1496148. 

[54] R. Serra-Maia, O. Bernard, A. Gonçalves, S. Bensalem, F. Lopes, Influence of 

temperature on Chlorella vulgaris growth and mortality rates in a 

photobioreactor, Algal Res. 18 (2016) 352–359. 

https://doi.org/10.1016/j.algal.2016.06.016. 

[55] C.S. Reynolds, The ecology of phytoplankton, Cambridge University Press, 

Cambridge, 2006. https://doi.org/10.1017/CBO9780511542145. 

[56] M. Ras, J.P. Steyer, O. Bernard, Temperature effect on microalgae: A crucial 

factor for outdoor production, Rev. Environ. Sci. Biotechnol. 12 (2013) 153–164. 

https://doi.org/10.1007/s11157-013-9310-6. 

[57] J. Ruiz, P.D. Álvarez-Díaz, Z. Arbib, C. Garrido-Pérez, J. Barragán, J.A. Perales, 



38 
 

Performance of a flat panel reactor in the continuous culture of microalgae in 

urban wastewater: Prediction from a batch experiment, Bioresour. Technol. 127 

(2013) 456–463. https://doi.org/10.1016/j.biortech.2012.09.103. 

[58] X.B. Tan, Y.L. Zhang, L. Bin Yang, H.Q. Chu, J. Guo, Outdoor cultures of 

Chlorella pyrenoidosa in the effluent of anaerobically digested activated sludge: 

The effects of pH and free ammonia, Bioresour. Technol. 200 (2016) 606–615. 

https://doi.org/10.1016/j.biortech.2015.10.095. 

[59] M. Xu, P. Li, T. Tang, Z. Hu, Roles of SRT and HRT of an algal membrane 

bioreactor system with a tanks-in-series configuration for secondary wastewater 

effluent polishing, Ecol. Eng. 85 (2015) 257–264. 

https://doi.org/10.1016/j.ecoleng.2015.09.064. 

[60] A. Mazzelli, A. Cicci, F. Di Caprio, P. Altimari, L. Toro, G. Iaquaniello, F. 

Pagnanelli, Multivariate modeling for microalgae growth in outdoor 

photobioreactors, Algal Res. 45 (2020) 101663. 

https://doi.org/10.1016/j.algal.2019.101663. 

[61] E. Jiménez, Mathematical modelling of the two-stage nitrification process. 

Developement of modelling calibration methodologies for a SHARON reactor 

and activated sludge process, Polytechnic University of Valencia, Spain., 210AD. 

[62] M. Faleschini, J.L. Esteves, M.A.C. Valero, The effects of hydraulic and organic 

loadings on the performance of a full-scale facultative pond in a temperate 

climate region (Argentine Patagonia), Water. Air. Soil Pollut. 223 (2012) 2483–

2493. https://doi.org/10.1007/s11270-011-1041-0. 

[63] M. Raeisossadati, N.R. Moheimani, D. Parlevliet, Luminescent solar concentrator 

panels for increasing the efficiency of mass microalgal production, Renew. 

Sustain. Energy Rev. 101 (2019) 47–59. 



39 
 

https://doi.org/10.1016/j.rser.2018.10.029. 

[64] A. Galès, A. Bonnafous, C. Carré, V. Jauzein, E. Lanouguère, E. Le, J. Pinoit, C. 

Poullain, C. Roques, B. Sialve, M. Simier, J. Steyer, E. Fouilland, Importance of 

ecological interactions during wastewater treatment using High Rate Algal Ponds 

under di ff erent temperate climates, Algal Res. 40 (2019) 101508. 

https://doi.org/10.1016/j.algal.2019.101508. 

[65] C. Martinez, F. Mairet, P. Martinon, O. Bernard, Dynamics and control of a 

periodically forced microalgae culture, IFAC-PapersOnLine. 52 (2019) 922–927. 

https://doi.org/10.1016/j.ifacol.2019.06.180. 

[66] D.L. Sutherland, J. Park, P.J. Ralph, R.J. Craggs, Improved microalgal 

productivity and nutrient removal through operating wastewater high rate algal 

ponds in series, Algal Res. 47 (2020) 101850. 

https://doi.org/10.1016/j.algal.2020.101850. 

[67] G.I. Romero Villegas, M. Fiamengo, F.G. Acién Fernández, E. Molina Grima, 

Outdoor production of microalgae biomass at pilot-scale in seawater using 

centrate as the nutrient source, Algal Res. 25 (2017) 538–548. 

https://doi.org/10.1016/j.algal.2017.06.016. 

[68] I. Fernández, F.G. Acién, J.L. Guzmán, M. Berenguel, J.L. Mendoza, Dynamic 

model of an industrial raceway reactor for microalgae production, Algal Res. 17 

(2016) 67–78. https://doi.org/10.1016/j.algal.2016.04.021. 

[69] S.N. Merbt, D.A. Stahl, E.O. Casamayor, E. Martí, G.W. Nicol, J.I. Prosser, 

Differential photoinhibition of bacterial and archaeal ammonia oxidation, FEMS 

Microbiol. Lett. 327 (2012) 41–46. https://doi.org/10.1111/j.1574-

6968.2011.02457.x. 

[70] F. Meng, L. Xi, D. Liu, W. Huang, Z. Lei, Z. Zhang, Bioresource Technology E 



40 
 

ff ects of light intensity on oxygen distribution , lipid production and biological 

community of algal-bacterial granules in photo-sequencing batch reactors, 

Bioresour. Technol. 272 (2019) 473–481. 

https://doi.org/10.1016/j.biortech.2018.10.059. 

[71] M.A. Guerrero, R.D. Jones, Photoinhibition of marine nitrifying bacteria. I. 

Wavelength-dependent response, Mar. Ecol. Prog. Ser. 141 (1996) 183–192. 

https://doi.org/10.3354/meps141183. 

[72] S. Akizuki, G. Cuevas-rodríguez, T. Toda, Jo ur na l P re of, ECSN. (2020) 

127948. https://doi.org/10.1016/j.chemosphere.2020.127948. 

[73] A. Kumar, S. Bera, Jo ur l P re of, Bioresour. Technol. Reports. (2020) 100584. 

https://doi.org/10.1016/j.biteb.2020.100584. 

[74] J. González-Camejo, A. Jiménez-Benítez, M.V. Ruano, A. Robles, R. Barat, J. 

Ferrer, Preliminary data set to assess the performance of an outdoor membrane 

photobioreactor, Data Br. 27 (2019). https://doi.org/10.1016/j.dib.2019.104599. 

[75] P. Reichert, D. Borchardt, M. Henze, W. Rauch, P. Shanahan, L. Somlyódy, P. 

Vanrolleghem, River Water Quality Model no. 1 (RWQM1): II. Biochemical 

process equations , Water Sci. Technol. 43 (2001) 11–30. 

https://doi.org/10.2166/wst.2001.0241. 

[76] F. Sayedin, A. Kermanshahi-pour, Q.S. He, S.M. Tibbetts, C.G.E. Lalonde, S.K. 

Brar, Microalgae cultivation in thin stillage anaerobic digestate for nutrient 

recovery and bioproduct production, Algal Res. 47 (2020) 101867. 

https://doi.org/10.1016/j.algal.2020.101867. 

[77] S.Y. Weon, S.I. Lee, B. Koopman, Effect of temperature and dissolved oxygen 

on biological nitrification at high ammonia concentrations, Environ. Technol. 25 

(2004) 1211–1219. https://doi.org/10.1080/09593332508618369. 



41 
 

[78] S. Yang, J. Wang, W. Cong, Z. Cai, F. Ouyang, Utilization of nitrite as a nitrogen 

source by Botryococcus braunii, Biotechnol. Lett. 26 (2004) 239–243. 

https://doi.org/10.1023/B:BILE.0000013722.45527.18. 

[79] R. Blackburne, V.M. Vadivelu, Z. Yuan, J. Keller, Kinetic characterisation of an 

enriched Nitrospira culture with comparison to Nitrobacter, Water Res. 41 (2007) 

3033–3042. https://doi.org/10.1016/j.watres.2007.01.043. 

[80] A.C. Anthonisen, R.C. Loehr, T.B.S. Prakasam, E.G. Srinath, Inhibition of 

Nitrification by Ammonia and Nitrous Acid, J. (Water Pollut. Control Fed. 48 

(1976) 835–852. 

[81] V.C. Eze, S.B. Velasquez-Orta, A. Hernández-García, I. Monje-Ramírez, M.T. 

Orta-Ledesma, Kinetic modelling of microalgae cultivation for wastewater 

treatment and carbon dioxide sequestration, Algal Res. 32 (2018) 131–141. 

https://doi.org/10.1016/j.algal.2018.03.015. 

[82] M. Caia, O. Bernard, Q. Béchet, Optimizing CO 2 transfer in algal open ponds, 

Algal Res. 35 (2018) 530–538. https://doi.org/10.1016/j.algal.2018.09.009. 

[83] J. Claros, E. Jiménez, D. Aguado, J. Ferrer, A. Seco, J. Serralta, Effect of pH and 

HNO2 concentration on the activity of ammonia-oxidizing bacteria in a partial 

nitritation reactor, Water Sci. Technol. 67 (2013) 2587–2594. 

https://doi.org/10.2166/wst.2013.132. 

[84] E. Jiménez, J.B. Giménez, M. V. Ruano, J. Ferrer, J. Serralta, Effect of pH and 

nitrite concentration on nitrite oxidation rate, Bioresour. Technol. 102 (2011) 

8741–8747. https://doi.org/10.1016/j.biortech.2011.07.092. 

[85] S. Petrini, P. Foladori, L. Donati, G. Andreottola, Comprehensive respirometric 

approach to assess photosynthetic, heterotrophic and nitrifying activity in 

microalgal-bacterial consortia treating real municipal wastewater, Biochem. Eng. 



42 
 

J. 161 (2020). https://doi.org/10.1016/j.bej.2020.107697. 

[86] J. González-Camejo, R. Barat, D. Aguado, J. Ferrer, Continuous 3-year outdoor 

operation of a flat-panel membrane photobioreactor to treat effluent from an 

anaerobic membrane bioreactor, Water Res. 169 (2020). 

https://doi.org/10.1016/j.watres.2019.115238. 

[87] Á. Robles, G. Capson-tojo, A. Gales, A. Viruela, B. Sialve, A. Seco, J. Steyer, J. 

Ferrer, Performance of a membrane-coupled high-rate algal pond for urban 

wastewater treatment at demonstration scale, Bioresour. Technol. (2019) 122672. 

https://doi.org/10.1016/j.biortech.2019.122672. 

[88] J. Huang, B. Hankamer, J. Yarnold, Design scenarios of outdoor arrayed 

cylindrical photobioreactors for microalgae cultivation considering solar 

radiation and temperature, Algal Res. 41 (2019) 101515. 

https://doi.org/10.1016/j.algal.2019.101515. 

[89] E. Barbera, E. Sforza, A. Grandi, A. Bertucco, Uncoupling solid and hydraulic 

retention time in photobioreactors for microalgae mass production : A model-

based analysis, Chem. Eng. Sci. 218 (2020) 115578. 

https://doi.org/10.1016/j.ces.2020.115578. 

[90] Y. Luo, P. Le-clech, R.K. Henderson, Assessment of membrane photobioreactor 

( MPBR ) performance parameters and operating conditions, Water Res. 138 

(2018) 169–180. https://doi.org/10.1016/j.watres.2018.03.050. 

[91] Z. Arbib, J. Ruiz, P. Álvarez-díaz, C. Garrido-pérez, J. Barragan, J.A. Perales, 

Long term outdoor operation of a tubular airlift pilot photobioreactor and a high 

rate algal pond as tertiary treatment of urban wastewater, Ecol. Eng. 52 (2013) 

143–153. https://doi.org/10.1016/j.ecoleng.2012.12.089. 

[92] M.K.H. Winkler, P. Boets, B. Hahne, P. Goethals, E.I.P. Volcke, Effect of the 



43 
 

dilution rate on microbial competition: R-strategist can win over kstrategist at 

low substrate concentration, PLoS One. 12 (2017) 1–12. 

https://doi.org/10.1371/journal.pone.0172785. 

[93] A. Toledo-Cervantes, E. Posadas, I. Bertol, S. Turiel, A. Alcoceba, Assessing the 

in fl uence of the hydraulic retention time and carbon / nitrogen ratio on urban 

wastewater treatment in a new anoxic-aerobic algal-bacterial photobioreactor con 

fi guration, Algal Res. 44 (2019) 101672. 

https://doi.org/10.1016/j.algal.2019.101672. 

[94] S. Barreiro-Vescovo, C. González-Fernández, M. Ballesteros, I. de Godos, 

Activity determination of an algal-bacterial consortium developed during 

wastewater treatment based on oxygen evolution, J. Water Process Eng. 36 

(2020) 101278. https://doi.org/10.1016/j.jwpe.2020.101278. 

[95] C. Delattre, G. Pierre, C. Laroche, P. Michaud, Production , extraction and 

characterization of microalgal and cyanobacterial exopolysaccharides, 

Biotechnol. Adv. 34 (2016) 1159–1179. 

https://doi.org/10.1016/j.biotechadv.2016.08.001. 

[96] D. Manhaeghe, A. Allosserie, D.P.L. Rousseau, S.W.H. Van Hulle, Model based 

analysis of carbon fluxes within microalgae-bacteria flocs using respirometric-

titrimetric data, Sci. Total Environ. 784 (2021) 147048. 

https://doi.org/10.1016/j.scitotenv.2021.147048. 

[97] J. González-Camejo, M. Pachés, A. Marín, A. Jiménez-Benítez, A. Seco, R. 

Barat, Production of microalgal external organic matter in a Chlorella-dominated 

culture: influence of temperature and stress factors, Environ. Sci. Water Res. 

Technol. 6 (2020) 1828–1841. https://doi.org/10.1039/D0EW00176G. 

[98] G. Kwon, H. Kim, C. Song, D. Jahng, Co-culture of microalgae and enriched 



44 
 

nitrifying bacteria for energy-efficient nitrification, Biochem. Eng. J. 152 (2019) 

107385. https://doi.org/10.1016/j.bej.2019.107385. 

[99] C. Alcántara, R. Muñoz, Z. Norvill, M. Plouviez, B. Guieysse, Nitrous oxide 

emissions from high rate algal ponds treating domestic wastewater, Bioresour. 

Technol. 177 (2015) 110–117. https://doi.org/10.1016/j.biortech.2014.10.134. 

[100] G.A. De Andrade, M. Berenguel, J.L. Guzmán, D.J. Pagano, F.G. Acién, 

Optimization of biomass production in outdoor tubular photobioreactors, J. 

Process Control. 37 (2016) 58–69. 

https://doi.org/10.1016/j.jprocont.2015.10.001. 

[101] J. González-Camejo, A. Jiménez-Benítez, M. V. Ruano, A. Robles, R. Barat, J. 

Ferrer, Optimising an outdoor membrane photobioreactor for tertiary sewage 

treatment, J. Environ. Manage. 245 (2019) 76–85. 

https://doi.org/10.1016/j.jenvman.2019.05.010. 

[102] L. Straka, B.E. Rittmann, Light-dependent kinetic model for microalgae 

experiencing photoacclimation , photodamage , and photodamage repair, Algal 

Res. 31 (2018) 232–238. https://doi.org/10.1016/j.algal.2018.02.022. 

[103] A. Morillas-España, T. Lafarga, C. Gómez-serrano, F.G. Acién-fernández, C.V. 

González-lópez, Year-long production of Scenedesmus almeriensis in pilot-scale 

raceway and thin-layer cascade photobioreactors, Algal Res. 51 (2020) 102069. 

https://doi.org/10.1016/j.algal.2020.102069. 

[104] S. Rossi, E. Sforza, M. Pastore, M. Bellucci, F. Casagli, F. Marazzi, E. Ficara, 

Photo-respirometry to shed light on microalgae-bacteria consortia—a review, 

Rev. Environ. Sci. Biotechnol. 19 (2020) 43–72. https://doi.org/10.1007/s11157-

020-09524-2. 

[105] S. Rossi, M. Bellucci, F. Marazzi, V. Mezzanotte, E. Ficara, Activity assessment 



45 
 

of microalgal-bacterial consortia based on respirometric tests, (2018). 

https://doi.org/10.2166/wst.2018.078. 

[106] S. Rossi, E. Sforza, M. Pastore, M. Bellucci, F. Casagli, F. Marazzi, E. Ficara, 

Photo-respirometry to shed light on microalgae-bacteria consortia—a review, 

Rev. Environ. Sci. Biotechnol. 19 (2020) 43–72. https://doi.org/10.1007/s11157-

020-09524-2. 

[107] A. Sánchez-Zurano, C. Gómez-Serrano, F.G. Acién-Fernández, J.M. Fernández-

Sevilla, E. Molina-Grima, A novel photo-respirometry method to characterize 

consortia in microalgae-related wastewater treatment processes, Algal Res. 47 

(2020) 101858. https://doi.org/10.1016/j.algal.2020.101858. 

[108] A. Ruiz-martinez, J. Serralta, A. Seco, J. Ferrer, Behavior of mixed 

Chlorophyceae cultures under prolonged dark exposure . Respiration rate 

modeling, Ecol. Eng. 91 (2016) 265–269. 

https://doi.org/10.1016/j.ecoleng.2016.02.025. 

[109] Y. Najm, S. Jeong, T. Leiknes, Nutrient utilization and oxygen production by 

Chlorella Vulgaris in a hybrid membrane bioreactor and algal membrane 

photobioreactor system, Bioresour. Technol. (2017). 

https://doi.org/10.1016/j.biortech.2017.02.057. 

[110] S. Rossi, M. Bellucci, F. Marazzi, V. Mezzanotte, E. Ficara, Activity assessment 

of microalgal-bacterial consortia based on respirometric tests, Water Sci. 

Technol. 78 (2018) 207–215. https://doi.org/10.2166/wst.2018.078. 

[111] E. Sforza, M. Pastore, E. Barbera, A. Bertucco, Respirometry as a tool to 

quantify kinetic parameters of microalgal mixotrophic growth, Bioprocess 

Biosyst. Eng. 42 (2019) 839–851. https://doi.org/10.1007/s00449-019-02087-9. 

[112] N.R. Baker, Chlorophyll fluorescence: A probe of photosynthesis in vivo, Annu. 



46 
 

Rev. Plant Biol. 59 (2008) 89–113. 

https://doi.org/10.1146/annurev.arplant.59.032607.092759. 

[113] A. Sánchez-Zurano, J.A.G. Cárdenas, C.G. Serrano, M.M. Amaral, F.G. Acién-

fernández, J.M.F. Sevilla, E.M. Grima, Year-long assessment of a pilot-scale 

thin-layer reactor for microalgae wastewater treatment . Variation in the 

microalgae-bacteria consortium and the impact of environmental conditions, 

Algal Res. 50 (2020) 101983. https://doi.org/10.1016/j.algal.2020.101983. 

[114] M.G. Kalyuzhnaya, R. Zabinsky, S. Bowerman, D.R. Baker, M.E. Lidstrom, L. 

Chistoserdova, Fluorescence in situ hybridization-flow cytometry-cell sorting-

based method for separation and enrichment of type I and type II methanotroph 

populations, Appl. Environ. Microbiol. 72 (2006) 4293–4301. 

https://doi.org/10.1128/AEM.00161-06. 

[115] Á. Robles, G. Capson-Tojo, A. Galès, M.V. Ruano, B. Sialve, J. Ferrer, J.P. 

Steyer, Microalgae-bacteria consortia in high-rate ponds for treating urban 

wastewater: Elucidating the key state indicators under dynamic conditions, J. 

Environ. Manage. 261 (2020). https://doi.org/10.1016/j.jenvman.2020.110244. 

[116] J. González-Camejo, A. Robles, A. Seco, J. Ferrer, M. V Ruano, On-line 

monitoring of photosynthetic activity based on pH data to assess microalgae 

cultivation, J. Environ. Manage. 276 (2020). 

https://doi.org/10.1016/j.jenvman.2020.111343. 

[117] APHA, AWWA, WEF, Standard Methods for the Examination of Water and 

Wastewater, 21st ed, Washington, DC, 2005. 

https://search.proquest.com/openview/1a6171b214320d5d593638d7843fe35f/1?p

q-origsite=gscholar&cbl=25142 (accessed March 3, 2021). 

[118] X. Chen, Q.Y. Goh, W. Tan, I. Hossain, W.N. Chen, R. Lau, Bioresource 



47 
 

Technology Lumostatic strategy for microalgae cultivation utilizing image 

analysis and chlorophyll a content as design parameters, Bioresour. Technol. 102 

(2011) 6005–6012. https://doi.org/10.1016/j.biortech.2011.02.061. 

[119] I. Havlik, P. Lindner, T. Scheper, K.F. Reardon, On-line monitoring of large 

cultivations of microalgae and cyanobacteria, Trends Biotechnol. 31 (2013) 406–

414. https://doi.org/10.1016/j.tibtech.2013.04.005. 

[120] M.J. Griffiths, C. Garcin, R.P. van Hille, S.T.L. Harrison, Interference by 

pigment in the estimation of microalgal biomass concentration by optical density, 

J. Microbiol. Methods. 85 (2011) 119–123. 

https://doi.org/10.1016/j.mimet.2011.02.005. 

[121] G. Markou, L.H.T. Dao, K. Muylaert, J. Beardall, Influence of different degrees 

of N limitation on photosystem II performance and heterogeneity of Chlorella 

vulgaris, Algal Res. 26 (2017) 84–92. 

https://doi.org/10.1016/j.algal.2017.07.005. 

[122] S.L. Nielsen, B.W. Hansen, Evaluation of the robustness of optical density as a 

tool for estimation of biomass in microalgal cultivation: The effects of growth 

conditions and physiological state, Aquac. Res. 50 (2019) 2698–2706. 

https://doi.org/10.1111/are.14227. 

[123] A.L. Gonçalves, M. Simões, J.C.M. Pires, The effect of light supply on 

microalgal growth, CO2 uptake and nutrient removal from wastewater, Energy 

Convers. Manag. 85 (2014) 530–536. 

https://doi.org/10.1016/j.enconman.2014.05.085. 

[124] B.F. Lucker, C.C. Hall, R. Zegarac, D.M. Kramer, The environmental 

photobioreactor (ePBR): An algal culturing platform for simulating dynamic 

natural environments, Algal Res. 6 (2014) 242–249. 



48 
 

https://doi.org/10.1016/j.algal.2013.12.007. 

[125] M. Izadpanah, R. Gheshlaghi, M. Akhavan, A. Elkamel, E ff ect of light 

spectrum on isolation of microalgae from urban wastewater and growth 

characteristics of subsequent cultivation of the isolated species, Algal Res. 29 

(2018) 154–158. https://doi.org/10.1016/j.algal.2017.11.029. 

[126] A.F. Novoa, L. Fortunato, Z.U. Rehman, T. Leiknes, Evaluating the effect of 

hydraulic retention time on fouling development and biomass characteristics in 

an algal membrane photobioreactor treating a secondary wastewater effluent, 

Bioresour. Technol. (2020) 123348. 

https://doi.org/10.1016/j.biortech.2020.123348. 

[127] M. Pachés, I. Romero, Z. Hermosilla, R. Martinez-Guijarro, PHYMED: An 

ecological classification system for the Water Framework Directive based on 

phytoplankton community composition, Ecol. Indic. 19 (2012) 15–23. 

https://doi.org/https://doi.org/10.1016/j.ecolind.2011.07.003. 

[128] V. Wei, M. Elektorowicz, J.A. Oleszkiewicz, Influence of electric current on 

bacterial viability in wastewater treatment, Water Res. 45 (2011) 5058–5062. 

https://doi.org/10.1016/j.watres.2011.07.011. 

[129] R.C. Medeiros, K.J. Sammarro Silva, L.A. Daniel, Wastewater treatment 

performance in microbiological removal and (oo)cyst viability assessed 

comparatively to fluorescence decay, Environ. Technol. (United Kingdom). 0 

(2020) 1–9. https://doi.org/10.1080/09593330.2020.1811396. 

[130] M. Sato, Y. Murata, M. Mizusawa, A Simple and Rapid Dual-fluorescence 

Viability Assay for Microalgae, 20 (2004). 

[131] J. González-Camejo, R. Barat, M. Pachés, M. Murgui, A. Seco, J. Ferrer, 

Wastewater nutrient removal in a mixed microalgae–bacteria culture: effect of 



49 
 

light and temperature on the microalgae–bacteria competition, Environ. Technol. 

(United Kingdom). 39 (2018) 503–515. 

https://doi.org/10.1080/09593330.2017.1305001. 

[132] S. Hosoi-Tanabe, Y. Sako, Development and application of fluorescence in situ 

hybridization (FISH) method for simple and rapid identification of the toxic 

dinoflagellates Alexandrium tamarense and Alexandrium catenella in cultured 

and natural seawater, Fish. Sci. 72 (2006) 77–82. https://doi.org/10.1111/j.1444-

2906.2006.01119.x. 

[133] S. Hosoi-Tanabe, Y. Sako, Rapid detection of natural cells of Alexandrium 

tamarense and A. catenella (Dinophyceae) by fluorescence in situ hybridization, 

Harmful Algae. 4 (2005) 319–328. https://doi.org/10.1016/j.hal.2004.04.002. 

[134] J.L. Sanz, T. Köchling, Molecular biology techniques used in wastewater 

treatment: An overview, Process Biochem. 42 (2007) 119–133. 

https://doi.org/10.1016/j.procbio.2006.10.003. 

[135] P. Hyka, S. Lickova, P. Přibyl, K. Melzoch, K. Kovar, Flow cytometry for the 

development of biotechnological processes with microalgae, Biotechnol. Adv. 31 

(2013) 2–16. https://doi.org/10.1016/j.biotechadv.2012.04.007. 

[136] P. Foladori, L. Bruni, S. Tamburini, G. Ziglio, Direct quantification of bacterial 

biomass in influent, effluent and activated sludge of wastewater treatment plants 

by using flow cytometry, Water Res. 44 (2010) 3807–3818. 

https://doi.org/10.1016/j.watres.2010.04.027. 

[137] Y. Luo, P. Le-Clech, R.K. Henderson, Characterisation of microalgae-based 

monocultures and mixed cultures for biomass production and wastewater 

treatment, Algal Res. 49 (2020). https://doi.org/10.1016/j.algal.2020.101963. 

[138] Y. Li, Y. Xu, L. Liu, P. Li, Y. Yan, T. Chen, T. Zheng, H. Wang, Flocculation 



50 
 

mechanism of Aspergillus niger on harvesting of Chlorella vulgaris biomass, 

Algal Res. 25 (2017) 402–412. https://doi.org/10.1016/j.algal.2017.06.001. 

[139] C. Vasseur, G. Bougaran, M. Garnier, J. Hamelin, C. Leboulanger, M. Le 

Chevanton, B. Mostajir, B. Sialve, J.P. Steyer, E. Fouilland, Carbon conversion 

efficiency and population dynamics of a marine algae-bacteria consortium 

growing on simplified synthetic digestate: First step in a bioprocess coupling 

algal production and anaerobic digestion, Bioresour. Technol. 119 (2012) 79–87. 

https://doi.org/10.1016/j.biortech.2012.05.128. 

[140] L.X. Coggins, I. Larma, A. Hinchliffe, R. Props, A. Ghadouani, Flow cytometry 

for rapid characterisation of microbial community dynamics in waste stabilisation 

ponds, Water Res. 169 (2020). https://doi.org/10.1016/j.watres.2019.115243. 

[141] C.C. Morais, Nitrification in wastewater treatment at its biological oxygen limit, 

2018. http://theses.ncl.ac.uk/jspui/handle/10443/4447 (accessed February 20, 

2021). 

[142] J. Lee, D.H. Cho, R. Ramanan, B.H. Kim, H.M. Oh, H.S. Kim, Microalgae-

associated bacteria play a key role in the flocculation of Chlorella vulgaris, 

Bioresour. Technol. 131 (2013) 195–201. 

https://doi.org/10.1016/j.biortech.2012.11.130. 

[143] Y. Han, Y. Gu, A.C. Zhang, Y.H. Lo, Review: Imaging technologies for flow 

cytometry, Lab Chip. 16 (2016) 4639–4647. https://doi.org/10.1039/c6lc01063f. 

[144] V. Dashkova, D. Malashenkov, N. Poulton, I. Vorobjev, N.S. Barteneva, Imaging 

flow cytometry for phytoplankton analysis, Methods. 112 (2017) 188–200. 

https://doi.org/10.1016/j.ymeth.2016.05.007. 

[145] J. Harmon, H. Mikami, H. Kanno, T. Ito, K. Goda, Accurate classification of 

microalgae by intelligent frequency-division-multiplexed fluorescence imaging 



51 
 

flow cytometry, OSA Contin. 3 (2020) 430. https://doi.org/10.1364/osac.387523. 

[146] V. Haridas, S. Ranjbar, I.A. Vorobjev, A.E. Goldfeld, N.S. Barteneva, Imaging 

flow cytometry analysis of intracellular pathogens, Methods. 112 (2017) 91–104. 

https://doi.org/10.1016/j.ymeth.2016.09.007. 

[147] C. Davis, Enumeration of probiotic strains: Review of culture-dependent and 

alternative techniques to quantify viable bacteria, J. Microbiol. Methods. 103 

(2014) 9–17. https://doi.org/10.1016/j.mimet.2014.04.012. 

[148] M. Jalali, J. Zaborowska, M. Jalali, The Polymerase Chain Reaction: PCR, 

qPCR, and RT-PCR, in: Basic Sci. Methods Clin. Res., Elsevier Inc., 2017: pp. 

1–18. https://doi.org/10.1016/B978-0-12-803077-6.00001-1. 

[149] E. Garner, B.C. Davis, E. Milligan, M.F. Blair, I. Keenum, A. Maile-Moskowitz, 

J. Pan, M. Gnegy, K. Liguori, S. Gupta, A.J. Prussin, L.C. Marr, L.S. Heath, P.J. 

Vikesland, L. Zhang, A. Pruden, Next generation sequencing approaches to 

evaluate water and wastewater quality, Water Res. 194 (2021) 116907. 

https://doi.org/10.1016/j.watres.2021.116907. 

[150] J.S. Johnson, D.J. Spakowicz, B.Y. Hong, L.M. Petersen, P. Demkowicz, L. 

Chen, S.R. Leopold, B.M. Hanson, H.O. Agresta, M. Gerstein, E. Sodergren, 

G.M. Weinstock, Evaluation of 16S rRNA gene sequencing for species and 

strain-level microbiome analysis, Nat. Commun. 10 (2019). 

https://doi.org/10.1038/s41467-019-13036-1. 

[151] M. Deng, J. Chen, J. Gou, J. Hou, D. Li, X. He, The effect of different carbon 

sources on water quality, microbial community and structure of biofloc systems, 

Aquaculture. 482 (2018) 103–110. 

https://doi.org/10.1016/j.aquaculture.2017.09.030. 

[152] G.M. Islam, P. Vi, K.A. Gilbride, Functional relationship between ammonia-



52 
 

oxidizing bacteria and ammonia-oxidizing archaea populations in the secondary 

treatment system of a full-scale municipal wastewater treatment plant, J. Environ. 

Sci. (China). 86 (2019) 120–130. https://doi.org/10.1016/j.jes.2019.04.031. 

[153] Z. Lin, W. Huang, J. Zhou, X. He, J. Wang, X. Wang, J. Zhou, The variation on 

nitrogen removal mechanisms and the succession of ammonia oxidizing archaea 

and ammonia oxidizing bacteria with temperature in biofilm reactors treating 

saline wastewater, Bioresour. Technol. 314 (2020). 

https://doi.org/10.1016/j.biortech.2020.123760. 

[154] M. Sarvajith, G. Kiran Kumar Reddy, Y. V. Nancharaiah, Aerobic granular 

sludge for high-strength ammonium wastewater treatment: Effect of COD/N 

ratios, long-term stability and nitrogen removal pathways, Bioresour. Technol. 

306 (2020). https://doi.org/10.1016/j.biortech.2020.123150. 

[155] L. Ye, T. Zhang, T. Wang, Z. Fang, Microbial structures, functions, and 

metabolic pathways in wastewater treatment bioreactors revealed using high-

throughput sequencing, Environ. Sci. Technol. 46 (2012) 13244–13252. 

https://doi.org/10.1021/es303454k. 

[156] L. Orschler, S. Agrawal, S. Lackner, On resolving ambiguities in microbial 

community analysis of partial nitritation anammox reactors, Sci. Rep. 9 (2019). 

https://doi.org/10.1038/s41598-019-42882-8. 

[157] J.H. Rotthauwe, K.P. Witzel, W. Liesack, The ammonia monooxygenase 

structural gene amoa as a functional marker: Molecular fine-scale analysis of 

natural ammonia-oxidizing populations, Appl. Environ. Microbiol. 63 (1997) 

4704–4712. https://doi.org/10.1128/aem.63.12.4704-4712.1997. 

[158] S. Gilch, O. Meyer, I. Schmidt, A soluble form of ammonia monooxygenase in 

Nitrosomonas europaea, Biol. Chem. 390 (2009) 863–873. 



53 
 

https://doi.org/10.1515/BC.2009.085. 

[159] Z. Mirek, W. Bieniek, A. Sztorc, Barkoding DNA-nowe narzędzie do opisu 

bioróżnorodności, (2007). 

https://depot.ceon.pl/bitstream/handle/123456789/6215/mirek.2007.barkoding.pd

f?sequence=1 (accessed February 20, 2021). 

[160] H.H. Vieira, I. Lacativa Bagatini, C.M. Guinart, A. Augusto, H. Vieira, tufA 

gene as molecular marker for freshwater Chlorophyceae, Algae. 31 (2016) 155–

165. https://doi.org/10.4490/algae.2016.31.4.14. 

[161] Z. Kowalska, F. Pniewski, A. Latała, DNA barcoding – A new device in 

phycologist’s toolbox, Ecohydrol. Hydrobiol. 19 (2019) 417–427. 

https://doi.org/10.1016/j.ecohyd.2019.01.002. 

[162] M.W. Fawley, K.P. Fawley, Identification of eukaryotic microalgal strains, J. 

Appl. Phycol. 32 (2020) 2699–2709. https://doi.org/10.1007/s10811-020-02190-

5. 

[163] L.A. Amaral-Zettler, E.A. McCliment, H.W. Ducklow, S.M. Huse, A method for 

studying protistan diversity using massively parallel sequencing of V9 

hypervariable regions of small-subunit ribosomal RNA Genes, PLoS One. 4 

(2009). https://doi.org/10.1371/journal.pone.0006372. 

[164] D.G. Mann, S. Sato, R. Trobajo, P. Vanormelingen, C. Souffreau, DNA 

barcoding for species identification and discovery in diatoms, Cryptogam. Algol. 

31 (2010) 557–577. 

https://websites.rbge.org.uk/algae/publications/Mann_etal_barcode_2010.pdf 

(accessed February 20, 2021). 

[165] F. Leliaert, H. Verbruggen, P. Vanormelingen, F. Steen, J.M. López-Bautista, 

G.C. Zuccarello, O. De Clerck, DNA-based species delimitation in algae, Eur. J. 



54 
 

Phycol. 49 (2014) 179–196. https://doi.org/10.1080/09670262.2014.904524. 

[166] H.H. Vieira, I.L. Bagatini, C.M. Guinart, A.A.H. Vieira, tufA gene as molecular 

marker for freshwater Chlorophyceae, Algae. 31 (2016) 155–165. 

https://doi.org/10.4490/algae.2016.31.4.14. 

[167] J.D. Hall, K. Fučíková, C. Lo, L.A. Lewis, K.G. Karol, An assessment of 

proposed DNA barcodes in freshwater green algae, Cryptogam. Algol. 31 (2010) 

529–555. https://sciencepress.mnhn.fr/sites/default/files/articles/pdf/cryptogamie-

algologie2010v31f4a23.pdf (accessed February 20, 2021). 

[168] M.W. Chase, R.S. Cowan, P.M. Hollingsworth, C. Van Den Berg, S. Madriñán, 

G. Petersen, O. Seberg, T. Jørgsensen, K.M. Cameron, M. Carine, N. Pedersen, 

T.A.J. Hedderson, F. Conrad, G.A. Salazar, J.E. Richardson, M.L. 

Hollingsworth, T.G. Barraclough, L. Kelly, M. Wilkinson, A proposal for a 

standardised protocol to barcode all land plants, Taxon. 56 (2007) 295–299. 

https://doi.org/10.1002/tax.562004. 

[169] M.B.J. Moniz, I. Kaczmarska, Barcoding diatoms: Is there a good marker?, Mol. 

Ecol. Resour. 9 (2009) 65–74. https://doi.org/10.1111/j.1755-0998.2009.02633.x. 

[170] H. Daims, A. Brühl, R. Amann, K.H. Schleifer, M. Wagner, The domain-specific 

probe EUB338 is insufficient for the detection of all bacteria: Development and 

evaluation of a more comprehensive probe set, Syst. Appl. Microbiol. 22 (1999) 

434–444. https://doi.org/10.1016/S0723-2020(99)80053-8. 

[171] S.A. Steichen, J.K. Brown, Real-time quantitative detection of Vampirovibrio 

chlorellavorus, an obligate bacterial pathogen of Chlorella sorokiniana, J. Appl. 

Phycol. 31 (2019) 1117–1129. https://doi.org/10.1007/s10811-018-1659-z. 

[172] C. Marcilhac, B. Sialve, A.M. Pourcher, C. Ziebal, N. Bernet, F. Béline, 

Digestate color and light intensity affect nutrient removal and competition 



55 
 

phenomena in a microalgal-bacterial ecosystem, Water Res. 64 (2014) 278–287. 

https://doi.org/10.1016/j.watres.2014.07.012. 

[173] U. Yeo, I. Lee, I. Seo, R. Kim, ScienceDirect Identification of the key structural 

parameters for the design of a large-scale PBR, Biosyst. Eng. 171 (2018) 165–

178. https://doi.org/10.1016/j.biosystemseng.2018.04.012. 

[174] G. Munz, C. Lubello, J.A. Oleszkiewicz, Factors affecting the growth rates of 

ammonium and nitrite oxidizing bacteria, Chemosphere. 83 (2011) 720–725. 

https://doi.org/10.1016/j.chemosphere.2011.01.058. 

[175] R. De-luca, M. Trabuio, M. Barolo, F. Bezzo, Microalgae growth optimization in 

open ponds with uncertain weather data, Comput. Chem. Eng. 117 (2018) 410–

419. https://doi.org/10.1016/j.compchemeng.2018.07.005. 

[176] Y. Luo, P. Le-Clech, R.K. Henderson, Assessing the performance of membrane 

photobioreactors (MPBR) for polishing effluents containing different types of 

nitrogen, Algal Res. 50 (2020) 102013. 

https://doi.org/https://doi.org/10.1016/j.algal.2020.102013. 

[177] M. Barceló-Villalobos, P. Fernández-del Olmo, J.L. Guzmán, J.M. Fernández-

Sevilla, F.G. Acién Fernández, Evaluation of photosynthetic light integration by 

microalgae in a pilot-scale raceway reactor, Bioresour. Technol. 280 (2019) 404–

411. https://doi.org/https://doi.org/10.1016/j.biortech.2019.02.032. 

[178] A. Solovchenko, I. Khozin-goldberg, I. Selyakh, L. Semenova, T. Ismagulova, A. 

Lukyanov, I. Mamedov, E. Vinogradova, O. Karpova, I. Konyukhov, S. 

Vasilieva, P. Mojzes, C. Dijkema, M. Vecherskaya, I. Zvyagin, L. Nedbal, O. 

Gorelova, Phosphorus starvation and luxury uptake in green microalgae revisited, 

Algal Res. 43 (2019) 101651. https://doi.org/10.1016/j.algal.2019.101651. 

 



56 
 

 

  



57 
 

Figures 

 

Figure 1. Schematic representation of the nitrogen cycle within the microalgae-

ammonium oxidising bacteria competition. 
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Figure 2. Representation of the main parameters and interactions influencing MA-AOB 

competition. In red the main environmental and operational parameters that affect 

metabolism of microalgae and bacteria are highlighted. The carbon species involved in 

the carbonate/bicarbonate equilibrium that regulates the pH of the culture medium are 

represented in bold. Legend: HRT: hydraulic retention time; SMP: soluble microbial 

products; SRT: solids retention time; T: temperature. 
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Figure 3. Methodologies to measure the activity and concentration of microalgae and 

nitrifying bacteria. 
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Figure 4. Visualisation of different microalgae genera (Chlorella, Scenedesmus and 

diatoms) (400x) from a Leica DM2500 microscope with N2.1 and I3 filters. 
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Figure 5. (A) Microalgae autofluorescence; (B) Microalgae sample stains with SYTOX 

Green, cells with damaged membrane emit a green fluorescent signal, while cells that 

are considered viable emit a red fluorescent signal associated with microalgal 

autofluorescence. The microalgae sample was visualized (400x) through a Leica 

DM2500 microscope when excited with a blue-light excitation filter (λex 450–490 nm). 
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Table 1. Results obtained in previous studies related to MA-AOB competition for ammonium uptake. 

Wastewater Reactor 
(Volume) 

[NH4,i] 
(mg N·L-

1) 
Conditions MA uptake 

(%NH4,i) 
Nitrificatio
n (%NH4,i)  

Strippin
g (%N) 

NRR  
(mg N·L-1·d-1) 

NRE 
(%) Reference 

Artificial CSTR (1.5 
L) 1400 HRT = 10 d 40 60 - - 98a [44]  

Sewage HRAP (1900 
L) 54-63 HRT = 6 d <50% - - - >80%a [21]  

AnMBR 
effluent PBR (550 L) 44.7 T = 18.5ºC 57.4 17.8 0.3 4.3 63.5 [39] 

AnMBR 
effluent PBR (550 L) 44.7 T = 26.7ºC 44.4 16.3 0.4 3.3 47.0 [39] 

Centrate Bubble 
column 147 T = 20ºC;  

pH = 8.6-8.7 35 34 20 20 54.1 [48] 

Artificial Cylindrical 
reactor (1 L) 23 SRT = 26 d 35 40 - 5.4 89.5b [45] 

Artificial Cylindrical 
reactor (1 L) 23 SRT = 17 d 10 66 - 1.6 87.0b [45] 

AnMBR 
effluent 

MPBR (470 
L) 40.0 

SRT = 2.5 d; 
HRT = 1.25 

d. 
53.7 34.6 0.1 19.7 59.8 [49] 

AnMBR 
effluent 

MPBR (470 
L) 51.5 

SRT = 4.5 d; 
HRT = 1.25 

d. 
39.7 57.2 0.1 14.5 32.6 [49] 

Centrate HRAP  
(1200 L) 244 HRT = 10 d; 

pH = 8.2 10 45 32 - 86a [28]  

Centrate PBR (35 L) 451 HRT = 10 d; 
pH = 7.9;  6.0 37.1 0.01 4.7 6.0 [29]  
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T = 25ºC 

a NH4 removal efficiency (includes the nitrified NH4). 
b Includes denitrification. 
 
AnMBR: anaerobic membrane bioreactor; AOB: ammonium oxidising bacteria; CSTR: continuous stirred tank reactor; HRT: hydraulic retention time; HRAP: high rate algal 
pond; MA: microalgae; MPBR: membrane photobioreactor; NH4,i: ammonium influent concentration; NRE: nitrogen removal efficiency; NRR: nitrogen removal rate; PBR: 
photobioreactor; SRT: solids retention time. 
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Table 2. Description of respirometric protocols. 

Cultivation system Respirometric protocol 

Wastewate
r 

Reacto
r (L) 

Condition
s 

HR
T/S
RT 
(d) 

Culture Nutrients 
(mg·L-1) 

Initial 
biomass 
(mg·L-1) 

Light 
(µmol·
m-2·s-1) 

T 
(ºC) pH DO 

(mg·L-1) 

Duratio
n L/D 
phases 

OPR/OUR 
(mg·L-1·h-1) Ref. 

AnMBR 
effluent 

Vertical 
PBR 
(7) 

Laborator
y - 

Mixed 
microalga
e culture 

- 833 Only 
dark 20 7-

8.4 1-9 0/> 48 h 0/0.1-0.8 [108] 

Artificial Flasks 
(0.25) 

Laborator
y 

Batc
h 

Chlorella 
vulgaris 

NaHCO3 
(0.75 g·L-1); 

NH4 (10 
mgN·L-1); 
NO3 (10 
mgN·L-1) 

1.06-
2.05a 135 24 7-8 

Non-
controlle

d 

24 h (L)/ 
0 (D) 0.61 /- [109] 

Centrate 
Racewa
y pond 
(1,200) 

Outdoor 20 Microalga
e-bacteria 

NH4Cl (3.2 
gN·L-1); 

NaNO2 (8.2 
gN·L-1) 

0.4-0.6b - - - - 15/10 
min 10-25/0-4 [110] 

Artificial Flasks 
(0.25) 

Laborator
y 

Batc
h 

Mixed 
Chlorella 
prototheco

ides 

NaCO3 (1 
g·L-1); N 

(247 
mgN·L-1); P 
(5.4 mgP·L-

1) 

200 20-
1500 24 7.5 0-11 5/5 min - [111] 

Primary 
effluent 

SB-
PBR 
(2) 

Laborator
y 

5.6/6
5 

Consortiu
m 

microalga

Acetate (5-
10 

gCOD·L-1); 

900-
1000 90 - - 7.5-8.5 

i) based 
on 

nutrients 
8.3/0.5 [85] 
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e-bacteria NH4 (1 
gN·L-1) 

ii) based 
on DO 

Centrate 
Racewa
y pond 
(1,200) 

Outdoor 10 Microalga
e-bacteria 

NaHCO3 
(150 

mgC·L-1); 
NH4Cl (30 
mgN·L-1); 

K2HPO4 (10 
mgP·L-1) 

0.2b 110 20 8.5 10 10/20 
min - [11] 

Primary 
effluent 

Racewa
y 

(4,400) 
Outdoor 5 

Consortiu
m 

microalga
e-bacteria 

C2H3O2
- 

(0.3 g·L-1); 
NH4Cl (30 

mg·L-1) 

- 200 25 8.0 90-
130%sat 4/4 min 16.7/1.9 [107] 

a Final biomass concentration. 
b Measured as optical density at 680 nm (OD680) 
AnMBR: anaerobic membrane bioreactor; DO: dissolved oxygen; HRT: hydraulic retention time; L/D: light-dark; SB-PBR; sequencing batch photobioreactor; SRT: solids 
retention time. 
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Table 3. Optical density used to measure biomass concentration in microalgae-

based systems. 

OD Wastewater Reactor Microorganism R2 Reference 

750 nm Artificial 

Airlift 

reactors  

(3.2 L) 

Green 

microalgae 
- [120]  

750 nm Artificial Flask (0.4) 
Green 

microalgae 

0.992-

0.998 
[123] 

940 nm Artificial ePBR C. sorokiniana 0.938 [124] 

683 nm Artificial 
Flask (0.25 

L) 
C. vulgaris 0.991 [109] 

680 nm Artificial 
Cylindrical 

PBR (1 L) 
Chlorella 

0.996-

0.999 
[125] 

550/665/75

0 nm 
Artificial Tubes (0.1 L) 

Rhodomonas 

salina 

0.952-

0.979 
[122] 

680 nm 
AnMBR 

effluent 

MPBR  

(470 L) 

Microalgae-

nitrifying 

bacteria 

0.905 [86] 

680 nm Centrate 
Raceway 

(1200 L) 

Microalgae- 

bacteria 
0.87 [28] 

680 nm 

Synthetic 

secondary 

effluent 

MPBR  

(2.5 L) 
C. vulgaris 0.999 [126] 

680 nm AnMBR Flask (2 L) Green 0.891- [53] 
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effluent microalgae 0.992 

AnMBR: anaerobic membrane bioreactor; ePBR: environmental photobioreactor; MPBR: membrane 
photobioreactor; OD: optical density; R2: coefficient of determination.  
 

 



68 
 

 
 

 


