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Abstract
Microalgae-bacteria consortia application to wastewater treatment is considered as a potential and cheap strategy towards a self-
sustaining oxygen-carbon dioxide gas exchange. However, microalgae can also carry out mixotrophy, thus reducing the net
oxygen production, due to consumption of organic substrates. In this work, respirometric tests were used to quantify the oxygen
reduction in the presence of biodegradable COD (chemical oxygen demand), which resulted up to 70%, depending on the
biodegradability of the carbon substrate. The implication of mixotrophic metabolism on nutrient removal in urban wastewater
was also measured by co-cultivatingC. protothecoideswith bacteria from activated sludge. To better understand the contribution
of different populations, ad hoc experiments under controlled conditions were designed to quantify the nutrient consumption of
bacteria and microalgae. Microalgae and bacteria were cultivated together and separately, with and without external bubbling, so
to better ascertain the specific role of gas production and nutrient removal. Results showed that microalgae can remove up to 100
and 85% of P and N respectively, but the contribution on COD consumption may affect the net O2 supply to heterotrophic
bacteria. However, a mutual COD consumption by microalgae and bacteria was proved by both experimental growth curves and
mass balance application, based on stoichiometry experimentally adjusted.
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Introduction

The continuous growth of the population and the increasing
amount of wastewater generated by human activities from one
side, the water scarcity and the increasing demand for high
quality from the other one, make freshwater availability as a
huge future global challenge. Conventional wastewater treat-
ments (WWTs), although efficient and implemented for a long

time, are usually rather expensive. One of the major issues of
current WWT processes is related to the energy consumption
due to aeration, which is an essential process in biological
WWT systems, by usually accounting for more than 50% of
the treatment energy demand (Longo et al. 2016). Therefore,
the development of an efficient, cheap and green WWT pro-
cess is one of the major challenges of this century.

The successful use of microalgae in WWT has been inves-
tigated by several authors and has been recognised as a simple
and environmental-friendly technology (de-Bashan and
Bashan 2010; Olguín 2012; He et al. 2013; Karya et al.
2013; Bertucco et al. 2014; Gupta et al. 2016). In particular,
the application of microalgae-bacteria co-cultivation, where
microalgae supply the oxygen required by bacteria for organic
matter oxidation, could represent a promising technology for
WWT reducing the energy demand for aeration (Su et al.
2012; Boelee et al. 2014; Alcántara et al. 2015).

In addition, since microalgae assimilate nitrogen and phos-
phorous for their growth, they can support and/or replace other
conventional biological processes of nutrient removal (e.g.
nitrification, denitrification or enhanced P uptake) (Cho et al.
2011; Ruiz-Martinez et al. 2012).
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Another concept currently catching on is linked to the cir-
cular economy strategy, where a closed loop of product
lifecycle through recycling and re-use of materials and energy
may bring benefits for both the environment and the economy.
From this perspective, the growth of microalgal biomass on
wastewater ensures many advantages, as photosynthetic or-
ganisms are a carbon/energy-free source of many products
of interest, including biofuels and biofertilizers (Olguín
2012; Gutzeit et al. 2015; Gupta et al. 2016).

The gas exchange between algae and bacteria has
been considered so far, from both experimental and
mass balance point of view, but microalgae are highly
flexible organisms, able to acclimate their metabolism to
environmental conditions: in particular, the capability to
switch among autotrophic, mixotrophic and heterotro-
phic metabolism according to specific environmental
conditions (Chojnacka and Marquez-Rocha 2004;
Sforza et al. 2012; Abinandan and Shanthakumar
2015) should be assessed. Although the capacity of al-
gae to mixotrophically exploit the organic carbon pres-
ent in wastewater has been observed (Gupta et al. 2016;
Liu et al. 2018; Nur and Buma 2018), it needs to be
better investigated when a consortium with bacteria is
applied. In particular, the reduction of oxygen produc-
tion due to algal mixotrophic metabolism is usually not
considered when applying such a consortium in waste-
water treatment.

In this work, an integrated microalgae-bacteria system to
efficiently treat wastewater is investigated, with the aim to
better understand the possibility to exploit the oxygen pro-
duced by photosynthesis, in order to support the aerobic
removal of organic compounds by the microbial communi-
ty. To this aim, experiments were designed to possibly dis-
criminate the growth and nutrient removal performances of
axenic algae and bacteria, separately. These observations
were then used for the interpretation of the results obtained
when these organisms are cultivated together. In addition,
the mixotrophic capability of microalgal species used was
assessed to account for this metabolism in the gas exchange
with bacteria.

To the best of the author’s knowledge, even though
microalgal mixotrophy was extensively described, it is gener-
ally neglected when microalgae-bacteria consortia are applied
in wastewater treatment, particularly related to the gas mass
balance. Accordingly, the reduction of the net oxygen produc-
tion due to microalgal mixotrophic metabolism was assessed
by respirometric tests. In addition, a simplified model based
on the stoichiometric growth equations of microalgae and
bacteria, also accounting for the mixotrophic algal metabo-
lism, was proposed. The final aim of this paper is to provide
details about microalgae-bacteria interactions in wastewater,
to possibly understand some of the complex phenomena that
may occur in co-cultures.

Materials and methods

Microalgal, bacteria species, growth medium
and wastewater

Chlorella protothecoides 33.80 (obtained from SAG
Goettingen, Germany) was maintained axenically in BG11
medium for the inoculum. C. protothecoides was previously
cultivated in urban wastewater, both sterilised and not, with
promising performances about N and P removal (Ramos
Tercero et al. 2013) and a good resistance to competition with
endogenous microflora. Thus, it was chosen as a promising
species for wastewater treatment, and it was tested as a possi-
ble candidate for studying the interactions in microalgae-
bacteria consortia.

Bacteria inoculum was obtained from the activated sludge
sampled at the full-scale municipal wastewater treatment plant
of Montebello Vicentino (Vicenza, Italy; latitude 45°27′26″64
N, longitude 11°23′4″20 E). The plant can potentially serve up
to 470,000 population equivalent (PE). Preinocula were main-
tained in liquid flasks with synthetic wastewater (recipe re-
ported below), and inoculated in freshmedium at 30 °C, 3 days
before each experiment. This allowed obtaining an exponen-
tially growing inoculum, vital and with low content of inert
solids.

A first series of experiments, aimed to ascertain the growth
capability of microalga species in such a medium, and the
possibility of co-cultivation with bacteria, was carried out with
real wastewater, sampled in the same wastewater plant located
in Montebello Vicentino, before the primary treatment. It was
then filtered with laboratory paper to remove the gross-
suspended solids and was subdivided into aliquots of 0.4 L
that were stored at − 20 °C. The aliquots were defrosted just
before starting each experiment and the nutrient composition
was re-measured before inoculation, to ascertain variation due
to preservation. The wastewater pollutants had the following
main composition: NH4

+-N 21.04 mg L−1, total nitrogen (TN)
33.09 mg L−1, total phosphorus (TP) 2.52 mg L−1, COD
496 mg L−1 (analysis provided by the Montebello WWTP,
and confirmed in the lab).

As the main focus of this work is to investigate the specific
relations between populations involved, due to the high vari-
ability of real wastewater characteristics (including possible
variations due to preservation method in the laboratory), a
synthetic one was formulated to obtain a medium with con-
stant quality to improve the reproducibility of the experiments,
in particular in the case of axenic experiments with microalgae
alone. A standard synthetic wastewater with complex organic
carbon (OECD 2001) was slightly modified in order to adjust
the composition by making it similar to common wastewater
used in the first part of the work. The synthetic wastewater
was prepared using the following chemicals: peptone
80 mg L−1, meat extract 110 mg L−1, NH4Cl 40 mg L−1,
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CH3COONa 159 mg L−1, K2HPO4 23 mg L−1, NaCl
7 mg L−1, CaCl2*2H2O 4 mg L−1 and Mg2SO4*7H2O
2 mg L−1, and it was sterilised by autoclave.

The final characterisation of the synthetic sewage is the
following: NH4

+-N 13 mg L−1, TN 29.5 mg L−1, PO4
3−-P

3.75 mg L−1, COD 313 mg L−1.
During batch growth curves, pH was checked daily and

manually adjusted in the range 7–9, if needed.

Analytical methods

The microalgal and bacterial growth was monitored by spec-
trophotometric analysis of the optical density (measured at
750 nm, by double-beam spectrophotometer UV-Visible UV
500 from Spectronic Unicam, UK), which however did not
allow to discriminate between bacteria and microalgae, as it is
just a measure of light scattering. To specifically quantify
microalgal concentration, cell amount was also measured by
cell counting with a Bürker Chamber (HBG, Germany).
Microalgal-specific growth rates in batch experiments were
measured by linear regression of 6–8 experimental points of
cells concentration during the logarithmic phase of growth,
from three independent biological replicates.

At the end of the growth curve, the final concentration of
biomass of each experiment was also measured as dry weight
(DW) in terms of g L−1. This was done gravimetrically on
biomass filtered (10 mL sample filtered through nitro-
cellulose membrane with 0.22 μm of pore size) and dried at
100 °C in a laboratory oven for 2 h. Nitrate (NO3

−-N), nitrites
(NO2

−-N), ammonium (NH4
+-N), Ntot, orthophosphate (PO4

3

−-P) and CODwere determined at the beginning (just after the
inoculation) and at the end of each growth curve, in order to
verify the consumption bymicroalgae, bacteria or consortium,
after biomass removal by filtration (after an acidification pro-
cedure, if needed, up to pH = 7 so to re-suspend phosphorus
possibly precipitated), to measure dissolved compounds only.
Nitrate, nitrites, ammonium and orthophosphate (PO4

3−-P)
were analysed using Hydrocheck Spectratest kits by
Reasol®, while Aquanal® kit by Sigma-Aldrich was used
for COD. Ntot was measured as nitrate, after persulfate diges-
tion in autoclave for 1 h.

Experimental set-up and procedures

Batch experiments with C. protothecoides and activated
sludge bacteria grown in real and synthetic wastewater were
carried out in order to investigate their growth and their nutri-
ent removal capacity under continuous light and under photo-
period. Each experiment started with an initial biomass inoc-
ulation of OD750 = 0.6.

Growth curves were carried out in Drechsel bottles of
250 mL (200 mL of working volume) with 5 cm diameter,
continuously mixed by a magnetic stirrer. Before starting each

experiment, the volume of preinoculum was centrifuged for
5 min at 1500 rpm in the case of microalgae, and 2 min at
8000 rpm in the case of bacteria, in order to remove the basal
medium that could modify the nutrient concentration after
inoculation. The biomass inoculated was then quantified to
have reliable information of the starting point for each batch
growth curve.

Five conditions were studied in order to better understand
the effect of non limiting gas supply and the possible exploi-
tation of gas produced by biomasses in the case of consortium:
(a) microalgae alone (axenic conditions) with air-CO2 bub-
bling; (b) microalgae (axenic conditions) alone without bub-
bling; (c) bacteria and microalgae cultivated together without
bubbling; (d) bacteria alone without bubbling; (e) bacteria
alone with air bubbling.

Aeration (air alone, or enriched with 5% v/v of CO2) was
provided at a total flow rate of 1 L h−1. The temperature was
controlled at 24 °C in an incubator (Frigomeccanica
Andreaus, Padova, Italy) and artificial light (white neon lamps
OSRAM) was provided continuously at intensity of 30 μmol
photons m−2 s−1 of PAR (photosynthetic active radiation),
measured by a photoradiometer (Model LI-189, LI-COR,
USA). This light intensity was chosen due to the high dilution
of the cultures (so to avoid photoinhibition phenomena), and
to be more consistent with real systems, where light penetra-
tion may be lowered by high thickness of cultivating systems
and the presence of suspended solids.

Respirometric assays

In order to evaluate the oxygen production rate of C.
protothecoides in the presence of both inorganic and organic
carbon substrates, some tests based on respirometry were car-
ried out. A similar approach was previously reported by
Decostere et al. (2013), under autotrophic conditions only,
and not considering the dark respiration phase. Respirometry
was also recently applied as a tool to evaluate microalgal
performances in wastewater (Rossi et al. 2018). In this work,
a new protocol was proposed.

Dissolved oxygen (DO) concentration was continuously
measured by means of a Handylab Ox 12 SCHOTT® oxim-
eter connected to a PC by using Multi/ACHAT II software
provided by WTW. The oxygen measurement was carried
out in airtight flasks of 25 mL, in order to prevent oxygen
transfer between the liquid and the external air. In addition,
no gas headspace was left to avoid gas losses. The liquid was
continuously mixed by a magnetic stirrer and the temperature
was maintained constant at 25 °C by using a thermostatic
water bath.

Each respirometric test was started with fresh culture medium
(BG11), where a constant biomass inoculum (about 0.44 g L−1 of
DW), previously centrifuged, was resuspended. To ensure a con-
stant microalgal biomass composition and acclimation, all
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preinocula were sampled from a continuous reactor, working at
steady state, at 2.6 days of residence time, carried out under
autotrophic and axenic conditions (refer to Bertucco et al. 2014
for detailed description of the continuous system).

A first series of experiments was carried out by supplying
bicarbonate to the culture, to measure the oxygen evolution
and consumption in autotrophic conditions, as supported by
Decostere et al. (2013). Further experiments were carried out
by providing organic substrate to the culture to allow
mixotrophic growth. In these cases, as the preinoculum had
to be adapted to autotrophic conditions, the first light-dark
repeat was not considered, as its trend resulted strongly differ-
ent with respect to the three following ones.

Inorganic carbon source, to stimulate autotrophy, was
added as sodium bicarbonate, while sodium acetate, meat ex-
tract and peptone were used as organic substrates. All of these
substrates were supplied at a concentration of about
200 mg L−1 of C. The same test was also carried out in the
presence of real and synthetic wastewater.

Each test lasted about 90 min and consisted in alternating
cycles of light and dark (15:15 min), obtained thanks to a
digital controller connected to a neon lamp at the irradiation
of 45 μmol photons m−2 s−1. Each run started in the dark
phase, and the first 15 min of data acquisition was discarded
to allow the acclimation of the microorganisms to the applied
environmental conditions. This protocol resulted in DO trends
of which an example is reported in the supplementary mate-
rials (Fig. S1).

The pH of the medium, when it consisted in BG11 with the
addition of bicarbonate or organic compounds, was buffered at
8 with HEPES 1 M. When wastewater was used, the chemical
buffer was not added, since a sufficient amount of buffer ca-
pacity was assumed for the wastewater. Nevertheless, pH was
always continuously checked in all experiments by means of a
pH probe and no significant variations were recorded during
the full duration of experimental runs (about 2 h). When the
DO values increased, that is when light is on, the oxygen pro-
duction rate (OPR) can be calculated from the slope. The same
procedure for the oxygen consumption rate (OCR, mgO2
L−1 min−1) when light is off and DO values decrease. Every
OPR and OCR was estimated as the average of at least three
measurements. The specific oxygen production and consump-
tion rates (mgO2 min−1 gM

−1) were obtained dividing by initial
biomass concentration measured as DW (gM L−1).

Statistical analysis

Student t tests were applied to ascertain meaningful differ-
ences in oxygen production and consumption rates under
mixotrophic conditions. The level of statistical significance
was assumed for P < 0.05, and significantly different results
are highlighted with an asterisk in the figures.

Mass balance and stoichiometry

To account for the effect of microalgae application in consor-
tia for wastewater treatment, in terms of gas exchange and
pollutant removal, the stoichiometry of both heterotrophs
and photosynthetic organisms was considered.

For bacteria, a typical biomass composition of
CH1.4O0.4N0.2P0.017 was assumed (Metcalf and Eddy et al.
2014) and the growth equation for bacteria based on acetate
(CH3COO− ) as carbon source , NHþ

4 , H2PO
−
4 and

O2 consumption can bewritten as follows (Boelee et al. 2014):

CH3COO
− þ 0:88O2 þ 0:22NHþ

4 þ 0:019H2PO
−
4

þ 0:8Hþ→0:91CO2 þ 1:6H2O

þ 1:1C1H1:4N0:2O0:4P0:017 ð1Þ

Ty p i c a l m i c r o a l g a l b i om a s s c om p o s i t i o n
of C1H1.78N0.12O0.36P0.01 has been reported, based on CO2, N
Hþ

4 and H2PO
−
4 consumption (Boelee et al. 2014), which can

be written as

CO2 þ 0:12NHþ
4 þ 0:01 H2PO

‐
4 þ 0:69 H2O→1:19 O2

þ 0:11 Hþ þ C1H1:78N0:12O0:36P0:01 ð2Þ

Even thoughmixotrophic metabolism ofmicroalgae is well
known and experimentally studied, to the authors’ knowledge,
little information is available to account for it in mass bal-
ances. Chojnacka and Marquez-Rocha (2004) proposed a
combination of autotrophic and heterotrophic stoichiometry,
to analytically describe mixotrophy.

Thus, the part of metabolism corresponding to the respira-
tion of organic material can be written as (Chojnacka and
Marquez-Rocha 2004)

aCHlO
−
m þ bNO−

3 þ cO2→dH2Oþ CHpNnOq

þ eHCO−
3 þ fHþ ð3Þ

where a, b, c, d, e and f should be experimentally determined.
Stoichiometric equations above were used to assess the

feasibility of gas exchange between microalgae and microbial
community, also accounting for the mixotrophic metabolisms
of microalgae. Equations of microalgae stoichiometry (2 and
3) were modified according to experimental results (see the
BMicroalgae-bacteria consortium in synthetic wastewater:
growth and pollutant removal^ section).

To assess the impact of algal mixotrophy on microalgae-
bacteria growth and nutrient removal, a simple scenario case
was preliminary studied, aimed at quantifying the possible gas
exchange among different populations. The operating vari-
ables used to develop a simple mass balance of a hypothetical
process were taken fromMetcalf and Eddy et al. (2014), based
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on a normalised flow rate of incoming wastewater Q =
1 m3 day−1. Typical values of organic matter, nitrogen and
phosphorous were assumed, corresponding to COD
300 mg L−1, BOD 140 mg L−1, N-NH4

+ 25 mg L−1, TN
30 mg L−1 and TP 5 mg L−1 (Metcalf and Eddy et al. 2014).
Details are reported in Supplementary materials, as well as the
values of kinetic parameters (Metcalf and Eddy et al. 2014).
The O2 demand needed by heterotrophic bacteria to decom-
pose completely the organic matter resulted in an oxygen up-
take rate (OUR) of 28.5 mg L−1 h−1 of O2, corresponding to
1.78 mmol L−1 h−1, which is also the base calculation applied
by Boelee et al. (2014).

By applying the stoichiometry of microalgae growth, it was
calculated the photoautotrophic microalgal biomass needed to
produce that amount of oxygen. Based on microalgal compo-
sition, the availability of nutrients in wastewater was also
checked. The nitrogen and phosphorus uptake by heterotro-
phic bacteria andmicroalgae was calculated based on the yield
values, Y i=x

:

Y i=x
¼ −

dCi

dCx
ð4Þ

whereCx is the biomass concentration (mg L−1, the subscript x
is indicated asM or B for microalgae and bacteria respective-
ly) and Ci the concentration of nutrient i (mg L−1). The nutri-
ent yield values for bacteria were taken from literature
(Metcalf and Eddy et al. 2014), while those of microalgae
where measured, based on actual consumption in batch
growth experiments.

To calculate the microalgal carbon yield, in the case of
mixotrophic growth, some specific batch experiments were
carried out: a first growth curve was carried out in BG11
medium, without gas bubbling and additional carbon source,
to measure the biomass production due to photoautotrophy
based on CO2 dissolved in the medium, at equilibrium with
the atmosphere and under limited gas exchange. Another
growth curve was then carried out, by adding organic carbon
to the medium, at the same concentration of synthetic waste-
water. The additional biomass obtained, with respect to the
case of autotrophic one, was assumed to be the one produced
starting from dissolved organic carbon, whose consumption
was measured.

Results and discussion

Growth of C. protothecoides in real wastewater:
interaction with bacteria consortium

A batch growth curve was carried out by inoculating the
microalgae-bacteria consortium in real wastewater, with an
initial biomass ratio (based on dry weight) of 0.8

(microalgae-bacteria). As a control, the microalgal species
was cultivated alone, in the same real wastewater, both un-
treated and after sterilisation. Results, displayed in Fig. 1, con-
firmed that this algal species is able to grow in real wastewater,
even without any sterilisation pre-treatment, as already report-
ed by Ramos Tercero et al. (2013). The growth in the presence
of the consortiumwas found similar to the control (microalgae
cultivated alone), with a specific growth rate of about
0.76 day−1 (data reported in Table S2 as supplementary
materials) suggesting that no inhibition phenomena occurred.
It was previously reported that microalgae and bacteria can
interact through a range of mechanisms, both positive and
negative (Fukami et al. 1997; Subashchandrabose et al.
2011; Unnithan et al. 2014). The positive interactions account
mainly for nutrient exchange (Kouzuma andWatanabe 2015),
facilitating, for instance, nitrogen assimilation by microalgae
(Le Chevanton et al. 2013). However, the mechanisms of
interactions may be also negative. He et al. (2013), for in-
stance, reported a competition for resources with bacteria that
inhibited algal growth. The presence of algae can inhibit bac-
teria as well, through the release of toxic metabolites
(Kouzuma and Watanabe 2015). As no inhibition was ob-
served, by adding bacterial community to microalgae inocu-
lum in this first series of experiments, C. protothecoides re-
sulted to be a very promising candidate for studying in depth
the interactions and gas exchange in association with bacteria
from activated sludge.

Concerning gas exchange, apparently, CO2 was still limit-
ing despite the bacterial production, as the growth curve of
microalgae with external CO2 supply resulted in higher spe-
cific growth rate (about 0.96 ± 0.09 day−1, reported in Table
S2 of supplementary materials) and final biomass concentra-
tion (Fig. 1). This aspect will be better investigated in the

Fig. 1 Growth curve of C. protothecoides in untreated real urban
wastewater (open circles), after sterilisation by autoclave (dark circles),
with non-limiting CO2 supply (triangles) and in the presence of bacteria
consortium (squares)
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BMicroalgae-bacteria consortium in synthetic wastewater:
growth and pollutant removal^ section.

Nutrient consumption was also measured, with a reduction
up to 80% of dissolved total nitrogen and a complete con-
sumption of phosphorus (data reported in Table S2 as
supplementary materials), when microalgae are present in
the consortium. Similar results were obtained in other works
(Ruiz-Martinez et al. 2012; Ramos Tercero et al. 2013),
confirming that the N and P removal by microalgae is quite
efficient.

Microalgae-bacteria consortium in synthetic
wastewater: growth and pollutant removal

Once confirmed that C. protothecoides is able to grow in con-
sortiumwith bacteria, further experiments with synthetic media
were carried out, with the aim to investigate the interaction
between microalgae and activated sludge bacteria in a stable
and reproducible environment. In particular, the possibility to
exploit gas exchange of oxygen produced by photosynthesis
and CO2 by heterotrophic organisms was investigated.

To understand the effect of co-cultivation on the possible gas
exchange, the growth curve in consortium was compared to the
controls with algae and bacteria cultivated alone, with or with-
out bubbling, as detailed in Fig. 2: it is clear that the growth
curve of microalgae is not inhibited by the presence of bacteria,
but the specific growth rate was slower than in the case of non-
limiting CO2 supply. This is probably due to the simultaneous
growth of bacteria which is fast in the first day, but is then
strongly reduced, thus stopping the production of CO2.

Nutrient removal is reported in Fig. 3. Nitrogen, reported
for all the chemical species analysed, showed interesting re-
sults in the case of microalgae cultivation. It appeared that,
when CO2 is not limiting, microalgae prefer to exploit ammo-
nium, while the organic fraction is not consumed. The total
nitrogen reduction accounted for the 60% of the initial
amount.

On the opposite, when CO2 is limiting (i.e. without forced
aeration), the 85% of total nitrogen is removed, suggesting
that also organic N can be used by microalgae. The possibility
of exploiting organic nitrogen is well documented trough
mixotrophic metabolism (Markou et al. 2014). Mixotrophy,
on the other hand, is reduced when a non-limiting CO2 supply
is provided (Sforza et al. 2012), which can explain the smaller
organic nitrogen removal observed in this study. Concerning
nitrogen consumption by bacteria alone, this was only about
30%, both in the presence and in the absence of aeration. A
different speciation, however, can be observed when air is
supplied to the culture. In fact, in an anoxic environment,
the heterotrophic community prevailed and a fraction of or-
ganic nitrogen was transformed to ammonia. Under aerobic
environment, instead, ammonia is converted to nitrate and

nitrite by means of AOB (ammonia oxidising bacteria) and
NOB (nitrite oxidising bacteria) populations.

When amicroalgae-bacteria consortium is applied, a reduc-
tion of about 60% of total N was obtained, with a final con-
centration of about 10 mg L−1. In this condition, part of or-
ganic N is converted to ammonia, which is commonly effi-
ciently removed by microalgae (Markou et al. 2014).

It is not clear if the presence of microalgae produced a
significant amount of O2, allowing bacteria to perform a tran-
sient oxidation of ammonia to nitrites and nitrates, which are
then consumed by algae. The main result, anyway, is that the
coexistence of microalgae and bacteria allowed a promising
nitrogen removal from wastewater, with a reduction of about
62% in a single step, thus simplifying the process, which
conventionally requires two aerobic-anoxic steps for nitrifica-
tion and denitrification. In addition, in view of nutrient

Fig. 2 Growth curve (OD data in a, cells count in b) ofM +B consortium
(dark triangles), microalgae alone without bubbling (reverse triangles)
and with non-limiting CO2 supply (dark diamonds), bacteria alone with-
out bubbling (open triangles) and with non-limiting air supply (open
circles) in synthetic wastewater. In a, data of cultures with bacteria only
(open circles and triangles) are referred to right Y axis, for graphical
reasons only
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recycling, nitrogen is stored in the algal biomass, and it is not
released to the atmosphere, as it usually occurs in the denitri-
fication process. Nitrogen stored in algal biomass can be sub-
sequently recovered, for instance, by anaerobic digestion or
by use as a biofertilizer (Sforza et al. 2017).

Also, phosphorus concentration is remarkably lowered
when microalgae are present, as it can be observed in Fig.
3b. Microalgae alone completely removed phosphorus, while
bacteria were able to remove only a 30–35% of initial P, both
with and without aeration. With co-cultivation, instead, this
value is about 73%, with a final concentration of 1.24 mg L−1

of P. Confirming that the presence of microalgae in the con-
sortium helps to reduce both nitrogen and phosphorus concen-
tration, in a single step of co-cultivation.

It also appeared that microalgae and bacteria may compete
somehow for nutrients, as the removal of nitrogen and phos-
phorus in co-cultivation was always lower than in the case of
microalgae alone. The occurrence of competition is more ev-
ident in the case of organic carbon consumption, as reported in
Fig. 3c. In fact, the carbon removal by bacteria alone was
efficient, with a reduction of about 90% of COD. Instead,
microalgae alone removed about the 75% of COD, while,
when co-cultivated with bacteria, overall, the reduction of
COD was 55%. In other terms, when microalgae and bacteria
are grown together, a lower organic carbon uptake is achieved.
A possible explanation can be based on the comparison with
nitrogen removal: the O2 produced by microalgae seems to be
able to partially sustain the oxidation of ammonia by autotro-
phic bacteria (AOB and NOB), but both nitrates and nitrites
are completely removed by microalgae, thus limiting the het-
erotrophic portion of bacterial community which exploits this
N species as electron acceptors (Metcalf and Eddy et al. 2014).
In fact, AOB and NOB growth rates are respectively 0.54 and
0.67 days−1, which are lower than the average value for C.
protothecoides of 0.83 days−1 in real wastewater and
0.76 days−1 in synthetic wastewater.

Role of mixotrophy in oxygen production

As reported above, microalgae showed a consistent
mixotrophic metabolismwhen cultivated in a wastewater con-
taining organic carbon and nitrogen species. To understand the
impact of mixotrophy on oxygen production and consump-
tion, respirometric tests were performed, on the microalgal
biomass alone, in the presence of inorganic and organic sub-
strates, according to the protocol reported in the
BRespirometric assays^ section.

Figure 4a summarises the specific oxygen production and
consumption rates under light and dark condition, respective-
ly. The algal biomass used for all respirometric tests was sam-
pled from steady-state continuous reactor so to have an active-
ly replicating, constant quality biomass. The average data of
specific oxygen production rate and consumption (Fig. 4a)

Fig. 3 Initial (first column) and final concentration of nitrogen (a),
phosphorus (b) and COD (c) of growth curve in synthetic wastewater
of bacteria with non-limiting air supply (B + air), bacteria alone without
bubbling (B), microalgal-bacterial consortium (M+B), microalgae alone
without bubbling (M) andwith non-limiting CO2 supply (M+CO2). In a,
grey bars refer to N-NO2, white toN-NH3, dark to Norg and striped pattern
to N-NO3. Dots refer to the percent consumption with the respect to initial
value, measure for each single experiment
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showed that, with an inorganic carbon source, the autotrophic
metabolism allowed a net oxygen production between light
and dark conditions. On the other hand, when an organic
carbon source was added, the oxygen production was much
less, and the respiration rate strongly increased. In addition, it
can be observed that respiration rates with simpler organic
forms, like acetate, were higher than with complex substrates,
like meat extract. The capability of exploitation of peptone
under dark is noteworthy, confirming that microalgae are able
to uptake organic nitrogen. Eventually, respirometric tests
were also carried out in synthetic and real wastewaters, to
prove the mixotrophic capability of microalgae in such a me-
dium. It resulted that in wastewater, oxygen production rate is
reduced by about 70%, while the respiration rate is increased
if compared to autotrophic conditions. Based on the values in
Fig. 4a, it can be concluded that the organic carbon present in
real wastewater is less degradable by microalgae than the one
contained in synthetic one, and this should be considered
when accounting for mixotrophic metabolism. Anyway, the
capability of carrying out mixotrophic metabolism by
microalgae in wastewater is confirmed, and quantified.

Another interesting result concerns the oxygen produced
by microalgae compared to the one consumed by bacteria.
As reported in Fig. 4b, when measuring the dissolved oxy-
gen concentration in a co-culture with synthetic wastewater,
a fast reduction was found, suggesting that the consumption
rate by bacteria is much faster than microalgal production.
When a biomass ratio of 1:1 was applied, no difference in
the oxygen consumption rate could be observed, suggesting
that autotrophic O2 production is too slow to compensate the
consumption by bacteria. When increasing the algal/biomass
ratio (with constant algal biomass, the bacterial inoculum
was much less), a smaller slope of oxygen consumption
was observed in light periods, suggesting that the oxygen
produced by microalgae can in part reduce the overall de-
crease of dissolved oxygen concentration. On the other
hand, no net production of oxygen was observed in all the
cases considered, suggesting that bacterial heterotrophic me-
tabolism strongly prevails.

Mass balance of gas exchange and pollutant removal
in microalgae-bacteria consortium

In this section, based on the experimental results presented
previously, a discussion about the feasibility of the
microalgae-bacteria integrated process is carried out, by con-
sidering the mass balances between the O2 and CO2 produced
and also the nutrients consumed by both microalgae and bac-
teria, according to stoichiometric growth equations. The pro-
cess of treating urban wastewater through the combination of
microalgae and heterotrophic bacteria may be feasible and
self-sustainable only if these balances are satisfied. More spe-
cifically, microalgae must be able to produce the sufficient

amount of oxygen needed to the bacteria to degrade the or-
ganic matter present in a typical urban wastewater. Starting
from the stoichiometric equation reported in the BMass bal-
ance and stoichiometry^ section, and calculating the bacterial
OUR (see supplementary materials), the microalgal biomass
productivity necessary to sustain the process is calculated: to
produce 1.78 mmol L−1 h−1 of oxygen, a microalgal produc-
tivity of 0.81 g L−1 day−1 is required, which is a value of
production actually obtainable by microalgae (Sforza et al.
2015). At the same time, the amount of CO2 requested by
microalgae (1.52 mmol L−1 h−1) is satisfied by bacterial
biomass.

Fig. 4 a Specific oxygen production and consumption rates of C.
protothecoides in autotrophic conditions (with bicarbonate) and
mixotrophic conditions with different organic substrate and wastewaters
under light (black) and dark (grey) conditions are reported. Asterisks refer
to significantly different value with respect to the autotrophic control.
Specific oxygen consumption rates of C. protothecoides and bacteria in
synthetic wastewater under light (black) and dark (grey) conditions (b)
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Moreover, the amount of nutrients (mainly N and P) pres-
ent in the wastewater should be enough to sustain both the
microalgal and bacterial growth and they should be consumed
at least under the law limit concentrations values.

The elemental composition of microalgal biomass may re-
markably differ from the canonical Redfield ratio, not only
due to the specific organisms studied, but also as a response
of environmental conditions. To account for these aspects,
based on experimentally determined elemental composition
of Chlorella protothecoides (reported in Table S4 in
supplementary materials, for axenic cultures) and by adjusting
the nitrogen and phosphorus yields on experimental results
obtained in this work, the autotrophic algal stoichiometry
(Eq. 1), proposed by Boelee et al. (2014), was modified as
follows:

CO2 þ 0:22NH4
þ þ 0:013H2PO4

‐

þ 0:59H2O→1:171O2 þ 0:207Hþ

þ C1H1:88N0:22O0:30P0:013 ð5Þ

Thus, if nutrient yields and biomass productivity are con-
sidered, it appeared that the consumption by bacteria and
microalgae resulted in 8.24 and 20.64 mgN L−1 and 1.58
and 2.70 mgP L−1 respectively, with final residual concentra-
tions of 1.12 mgN L−1 and 0.72 mgP L−1 and 76.5 mg L−1 for
COD. Accordingly, the 69% of the nitrogen and the 54% on
phosphorus are actually removed by microalgae. Thus, the
application of microalgae-bacteria consortia appeared to be
feasible, as both the gas exchange and nutrient removal are
satisfied. These calculations, however, did not account for the
kinetic of the two populations involved. In fact, the OUR
calculation is based on a conventional wastewater treatment
plant, where the HRT corresponds to 4.4 h. The growth rate
constant required to avoid washout from this system is re-
markably higher than that of microalgal species, suggesting
that the process design should be based on microalgal growth
capability.

Moreover, microalgae, in spite of being mainly autotrophic
organisms, can assimilate organic carbon and develop a
mixotrophic metabolism. This is particularly true in the case
of growth in wastewater, where both carbon and organic ni-
trogen are present, as shown in the previous part of this work.
As reported in Fig. 4, by exploiting organic C and N,
microalgae actually consume an amount of oxygen due to
respiration phenomena leading to a lower net oxygen produc-
tion rate. This results in a lower net oxygen production, on one
side, but also a cooperative COD removal, on the other one.
As a consequence, stoichiometric equations should be rewrit-
ten to account for the effect of mixotrophy. The mixotrophic
metabolism was described, based on works of Chojnacka and

Marquez-Rocha (2004), as a combination of two equations
representing separately the autotrophic (see Eq. (5)) and het-
erotrophic growth, written as

0:22CH3COO
�þ0:013H2PO4

� þ 0:83CH1:943N0:266O0:569

þ 0:1O2 þ 0:233Hþ→CH1:88N0:22O0:30P0:013 þ 0:27CO2

þ 0:325H2O

ð6Þ

In Eq. 6, the exploitation of organic nitrogen was intro-
duced, by accounting for an averaged formula of
amminoacids and peptides, derived from Torabizadeh
(2011). Equations 5 and 6 can be combined to describe
mixotrophy. To balance Eq. 6, the biomass/carbon yield ex-
perimentally measured was applied, corresponding to
0.78 mgC,M mgC

−1 (comparable to values reported by Barros
et al. (2017)). This value accounts for the ratio of organic
carbon which is actually fixed in biomass.

To balance the ratio of biomass produced by photosynthe-
sis with respect to that obtained from organic carbon, the data
of oxygen production were used, as reported in the BRole of
mixotrophy in oxygen production^ section. Based on the ox-
ygen produced under autotrophic condition and with waste-
water as carbon source (corresponding to 0.56 and 0.17 mgO2
min−1 gM

−1, respectively), it resulted that, when microalgae
exploit organic carbon and nitrogen in a complex medium, a
reduction of about 78% of oxygen can be observed. Thus,
78% of the O2 produced by autotrophy (Eq. 5) is then
exploited for organic substrate respiration, as described by
Eq. 6. This results in a ratio of biomass produced by autotro-
phy and heterotrophy of 1:9.2, which can be used to calculate
the carbon actually consumed by microalgae in the process.

Consequently, it appeared that the net oxygen production is
enough to sustain only a portion of the bacterial OUR.
However, if a portion of COD is removed by microalgae, this
net O2 production is potentially enough to sustain a produc-
tion of bacteria needed to remove the remaining organic mat-
ter. Of course, the carbon and nitrogen specifically removed
by bacteria or microalgae is dependent on the growth and
uptake kinetic, and, consequently, on the hydraulic retention
time of the system, which actually could also change the ratio
of the populations involved.

Of course, this discussion is based only on mass balances,
starting from the stoichiometry of the organisms involved, and
a comprehensive study of the kinetic should be carried out,
with particular attention to the effect of light. In fact, the
growth rate of bacteria is remarkably higher than that of
microalgae, thus possibly affecting the coexistence in a con-
tinuous system. Accordingly, the SRTof the system should be
carefully set, or other technical solutions, like the co-
immobilisation of the community (De-Bashan et al. 2002;
de-Bashan and Bashan 2010; Boelee et al. 2011), should be
considered, with the drawback of reducing the light available
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for microalgae. In this context, deeper attention should be paid
to the effect of light on microalgae removal capability, in
particular in the case of mixotrophic metabolism.

In summary, even if mixotrophic metabolism strongly re-
duces the oxygen supply to heterotrophic bacteria, the co-
cultivation is promising, because microalgae contribute to
the removal of organic matter, also exploiting nitrogen and
phosphorus in a single step.

Conclusions

C. protothecoides was used in consortium with bacteria form
activated sludge, in order to describe complex interactions and
gas exchange among populations involved. This algal species,
in the presence of bacteria from activated sludge, showed no
inhibition of growth, but the oxygen produced by microalgae
did not allow a complete reduction of COD by heterotrophic
bacteria. Biodegradable COD content in wastewater stimulates
the mixotrophic metabolism of microalgae, thus reducing the
net oxygen availability. Stoichiometric equations were imple-
mented to describe mixotrophy, based on quantitative measure-
ments of oxygen production rate in respirometric tests per-
formed with both inorganic and organic carbon sources. Mass
balance demonstrated that, even though the net photosynthetic
oxygen production is reduced when mixotrophy occurs, the
contribution of microalgae to pollutant removal is significant.
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