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Abstract

The integration of microalgae production with wastewater treatment can significantly increase
economic and environmental sustainability of the treatment process and of the microalgal biomass
production. However, a major bottleneck of this strategy is the control of contamination by
heterotrophic bacteria, which compete with microalgae for the organic substrate and can negatively
affect the quality of the produced biomass. Here, a strategy to control bacterial contamination is
proposed, whereby a first batch phase with the medium replete in the organic substrate (feast) is
followed by a second batch phase without the organic substrate (famine). Permeates from
microfiltration and ultrafiltration of cheese whey were used as sources of organic substrates, with

different C/N. Biomass production and pollutant removal were analyzed, and the growth kinetics of



microalgae and bacteria were characterized and modelled to determine the specific growth rate
(Umax) during the feast phase and the decay rate (kp) during the famine phase. Bacteria had Hmax
(0.16 h™) about two folds higher than microalgae (0.07 h™), however, bacteria lysed in larger
fraction during the famine phase, allowing to reduce contamination. A remarkable finding was that,
for both microalgae and bacteria, only a cell subpopulation experienced lysis during the famine
phase. The fraction of resistant cells was higher for microalgae and decreased with increasing the
C/N ratio in the initial medium, indicating that cell-to-cell heterogeneity for carbon storage is
crucial in determining cell resistance. Guidelines are derived to maximize microalgae biomass

productivity and pollutant removal while maintaining a prescribed bacterial contamination.
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1. Introduction

Microalgae are photosynthetic microorganisms that are emerging in recent years as next-generation
biotechnological systems for the production of food, feed and bio-based products. They can grow
using different metabolisms: photoautotrophic, using light as energy source and CO, as carbon
source, heterotrophic, whereby organic substrates are used as source of carbon and energy, and
mixotrophic, where both are implemented. Microalgae have a tunable biochemical profile, in what
the fractions of proteins, lipids, starch and other components vary depending on the physiological
condition.

Industrial cultivations are currently carried out in fully photoautotrophic or fully heterotrophic [1].

The main limit of fully photoautotrophic processes is represented by the high operative and



investment costs and energy demand required to maintain adequate light supply rate (reactors with
high S/V ratio), mixing, O, degassing, etc. [1]. Microalgae produced by phototrophic processes
have a cost typically > 5 €/kg [2] and an energy demand from 6 to 16,000 kwWh/kg [3,4], depending
on plant design and its geographical region. These numbers are mainly determined by the light-
limited growth regime which limits biomass concentration (typically < 5 g/L) and productivity
(typically < 1 g/L per day). Heterotrophic cultivations use fermenters fed with organic substrate
(typically pure glucose) attaining biomass concentrations up to 286 g/L, thanks to the light-
independent growth [5]. The organic substrate is currently the main factor affecting economic and
environmental sustainability of heterotrophic cultures [5,6]. The application of wastewater as source
of organic substrate in heterotrophic cultures can enhance the economic profitability and reduce, at
the same time, the environmental footprint. Nevertheless, if heterotrophic or mixotrophic
microalgae cultures are not operated under axenic conditions, heterotrophic bacteria contaminants
can outgrow microalgae, becoming rapidly the predominant biomass [7]. However, wastewater
sterilization is usually unfeasible due to the significant increase of operating costs. Despite there are
many previous studies reporting microalgae cultivation with wastewater as substrate source for
mixotrophic or heterotrophic metabolism [8-11], these were usually conducted without quantifying
bacterial contamination and/or without adopting control strategies, other than sterilization, to reduce
it.

The need of sterilization can be excluded by developing strategies for nutrient feeding that allow to
select microalgae over contaminants. Our research group recently developed a control strategy
allowing to cultivate microalgae in heterotrophic “open reactors” (non-axenic condition) without
significant contamination [7]. This strategy entails to replenish at different times the N and the
organic substrate in way that allows to cyclically replace a N-starvation/Energy-replete medium by
a N-replete/Energy-starvation medium. The strategy was initially demonstrated by using only
synthetic substrates in a fed-batch reactor and then implemented in a process integrated with olive

mill wastewater in a sequencing batch reactor (SBR) [12]. However, this strategy is not applicable
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for wastewaters in which there is, along with organic C, a relevant concentration of N, because this
would make it impossible the uncoupling of C and N feeding.

In this work, an innovative strategy is proposed to control bacterial contamination in microalgae
cultures fed with wastewater containing both N and organic C. The process studied includes a two-
stage strategy with a first phototrophic cultivation stage, followed by a batch heterotrophic
fermentation with wastewater used as C source. The phototrophic stage allows to obtain a culture
inoculum characterized by a low initial contamination (high microalgae/bacteria ratio). The
heterotrophic fermentation then includes a phase performed under nutrient replete conditions (feast)
followed by a phase without organic substrate (energy starvation, or famine). The objective of this
heterotrophic cultivation strategy is to capitalize the competitive advantage of microalgae, as
compared to competing heterotrophic bacteria, to store C/energy in the form of carbohydrates and
lipids, and then using these energy reserves to sustain maintenance under the famine phase. Such
feast and famine approach is similar to that used to select bacteria storing polyhydroxyalkanoates
(PHA) from activated sludge [13]. However, to our knowledge, such an approach was never
adopted before for the selection of microalgae cultivated with wastewater.

Cheese whey was used in this study as source of N and organic C. About 9 L of whey are produced
for each kg of cheese, yielding an estimated annual worldwide production of 40.7-10° tons [14].
Whey typically contains 50-80 g/L COD and relevant amount of N and P, which need to be
removed to prevent environmental pollution [15]. Its high sugar load can be valorized as substrate
source for microalgae, as proved in previous studies [16-18]. However, in these studies, bacterial
contamination was not assessed, or it was prevented by adopting conventional sterilization
procedures.

Here, along with the quantification of biomass production and pollutant removal, bacteria and
microalgae growth Kkinetics attained during feast and famine phases upon the proposed heterotrophic
cultivation process are experimentally analyzed and mathematically modelled. This allowed us to

estimate separately microalgae and bacteria specific growth rates (under feast phase) and decay rate
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(under famine phase). Based on this analysis, indications were derived on the optimal operative

conditions to operate the batch cultivation with wastewater.

2. Materials and Methods

2.1 Cheese whey collection and pre-treatment

Cheese whey was obtained after the production of ricotta cheese (obtained by the precipitation of
whey proteins at 85-90 °C). It was collected from Campo Felice cheese factory, in Collimento di
Lucoli (AQ, Iltaly). In the production site, milk was pretreated with lactase to split lactose to D-
glucose and D-galactose. Microfiltration was carried out, after centrifuging cheese whey at 2,265 ¢
for 5 min, by filtering the supernatant through 0.7 um glass fiber filters. The resulting permeate
(Pmr) was stored at -18 °C till its use. For ultrafiltration, 20 L of cheese whey was fed (at 25 L/h)
from a feedstock tank to an ultrafiltration membrane (model GM2540F, mean pore size: 2 nm, 2.51
m? active area), at an operating pressure of 5 bar. Two pumps were used to drive the feed-stream to
the membrane module; two regulation valves were used to set the desired operating pressure and
crossflow over the membrane independently; two plate heat exchangers maintained the temperature
of the streams stable at ambient temperature. More details about the filtration system can be found
in Figure S1 and in a previous work [12]. Ultrafiltration was performed till obtaining about 16 L of
permeate (Pur) and 4 L of concentrated whey, which were stored at -18 °C. All the filtrations were
performed on whey within 2 d from its collection from the production plant.

2.2 Microalgal strain and cultivation set up.

A strain of Tetradesmus obliquus (generally known as Scenedesmus obliquus), isolated as
previously described [19], was cultivated in 500 mL glass column photobioreactors (PBRs) (h =
35cm, d = 5 cm), in non-axenic conditions, as previously described [20]. Microalgae were
inoculated inside two PBRs at 0.1 g/L and cultivated for 4 d, then they were diluted in fresh

medium at 0.3 g/L initial concentration. After 24 h, when the concentration was about 1 g/L, 160



mL were collected from the PBRs, centrifuged (2,265 g, 10 min) and the pellet washed with
distilled water. This pellet was used as inoculum to start the heterotrophic cultivation by suspension
in 160 mL medium obtained by mixing 80 mL saline medium (C and N free, Table S1) with 80 mL
of whey permeate (Pwr or Pur, Table 1). Heterotrophic cultivation was carried out inside 300 mL
conical flasks, covered with sterile stoppers (Silicosen S35), posed in dark under orbital shaking at
150 rpm and 25 + 2 °C. The speed of the shaking was set to ensure enough O, supply rate [21]. The
pH was daily monitored and eventually adjusted to 7.5 + 0.2 by adding NaOH 1M or HCI 1M.
Samples were collected at different times to analyze cell concentration, biomass concentration and
nutrient concentration.

2.3 Analysis of biomass and cell concentration.

Overall biomass concentration (i.e., microalgae + bacteria biomass) was determined by filtering a
known volume through 0.2 pum cellulose acetate filter, dried at 105 °C. Microalgal cell
concentration was measured by optical counting with a microscope (Leitz, Labor Lux 12) using a
Thoma chamber. Bacterial cell concentration was measured by flow cytometry (Attune™ NxT
Flow Cytometer, ThermoFisher Scientific). Before analysis, the reproducibility of the instrument
was verified by using Attune™ Performance Tracking Beads. Before analysis, samples were diluted
to 5-10-10° microalgal cells/mL and fixed in TE Buffer (10 mM Trizma® base, 1 mM disodium
EDTA, pH 8) with 1 % glutaraldehyde, at 4 °C for 1 h. Then, 2 pL of 300x SYBR green I (in
dimethyl sulfoxide ) was added to 600 pL of fixed sample and incubated for 15 min at 25 °C.
Samples were then further diluted in TE buffer till obtaining a total cells concentration < 10°%/mL.
Analyses were performed acquiring 50 pL sample at 100 pL/min. Bacteria population was
separately gated from noise and microalgae by plotting the signal from DNA green fluorescence
emission, BL1 (BP 530/30), vs the signal from chlorophyll red fluorescence emission, BL3 (BP
695/40), obtained after laser excitation at 488 nm. More details about the protocol can be found in a
previous work [22].

2.4 Chemical and biochemical analysis



Total sugars concentration was determined by the phenol-sulfuric acid method [23]. Glucose
concentration was measured with the GOPOD reagent (glucose oxidase/peroxidase) [24], from the
n°3 bottle of the Megazyme kit (K-TSTA-50A). Total N (TN) and total phosphorus P (TP) were
analyzed by the official spectrophotometric method for water analysis reported by IRSA-CNR 4060
[12]. Chemical oxygen demand (COD) was measured by means of the colorimetric kit Lovibond®
Vario vials (2420721). To quantify total carbohydrates inside biomass, acid hydrolysis was
performed and followed by the spectrophotometric method using the MBTH (3-metil-2-
benzothiazolinone hydrazone hydrochloride) reagent, as previously described (NREL/TP-5100-
60957) [25]. Biomass nitrogen quota (q) was determined from a mass balance from produced (AX)

and consumed nitrogen (ATN), as described in detail in supplementary material.

2.5 Calculation of process parameters
Process parameters related to biomass production were measured as follows. Biomass productivity

was determined by Eq. 1:

_ (x(®)-Xo)
X = t

(1)

with X, denoting the biomass concentration at the beginning of the batch, and t the time of sampling
during the cultivation. rx ,,.,Was determined as the maximum value of ry attained during the batch
and ry ras the value at the end of the batch.

Biomass to substrate yield (g/g) was determined by Eq. 2:

Y, _ (xX(®)-Xo)
XIS ™ (Se=5(t))

)
where Sy is the initial concentration of total sugars. Yy,s _ was determined as the maximum value

of Yy,s attained during the batch and Yy/s, @s the value at the end of the batch. Xy« was the

maximum biomass concentration attained during the batch and AXpmax=Xmax—Xo. X¢ Was the final
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biomass concentration and AX=XX,. For each pollutant, C;, C; and Cp, are the initial, final and
minimum concentration attained, while A¢ (MQ/L)=Ci—Ct, Amax (MQ/L)=Ci—Cnmin, Ar (%)=(Ci—
Cr)/Cix100, Amax (%)=(Ci—Cnmin)/Ci*x100.

2.6 Modelling of microalgae and bacteria growth

The variation of microalgal and bacteria cell concentration as function of time was modelled by
adopting two different models: a first model was used to describe the kinetics of growth in presence
of substrate (feast or energy replete), and a second model was employed to describe the kinetics of
the cell lysis taking place during the following nutrient depleted phase (famine or energy
starvation). The same models were separately applied for microalgae and bacteria. Microalgae and

bacteria growth in presence of substrate was described by means of the following logistic model

(Eq. (3)):

% = Wmax (1 - nrfax) n
@)

where n denotes the cell concentration. Which was integrated between ng (t=0) and n (t) obtaining

the integrated form in Eqg. 4.

NoNmax€ HWmaxt

n=
Nmax+no(etmaxt—1)

(4)

Such equation was fitted to cell concentrations measured during the initial phase of growth (feast)
to determine the maximum specific growth rate (Umax) and the maximum cell concentration (Nmax)
attained by microalgae and bacteria cultivated with Pyr and Pyr. The doubling time (ty) was
calculated as tg = In (2)/Mmax-

To describe the evolution of cell concentration during the famine phase (n(t)), the populations of
microalgae and bacteria were supposed to be heterogeneous, both of them being composed of a

subpopulation with cell concentration n;, which survived till the end of the famine phase (i.e., ny(t)



= ny at any t during the famine phase), and a subpopulation with cell concentration n, (Eq. 5),
which lysed by following first order kinetics with constant decay rate kp (Eg. 6).
n (t) = ny(t) + ny(t)
()
dn,

T = kot

(6)

The application of Egs. (5)-(6) gives:
n(t) = nyg+nyee kot

()

where n; o and nyp are the concentrations of the two subpopulations at the beginning of the famine

phase. Since ng = Ny + Ny, EQ. (7) can be re-written in the form of Eq. 8, which was applied to fit
experimental data of microalgal and bacteria cell concentration measured during the famine phase.
n(t) = ny+ (ng —nyo)e ot

(8)

The parameters nio and kp were determined by fitting, while ny was maintained constant during
fitting and equal the cell concentration measured at the beginning of the famine phase.

2.7 Contamination assessment

Contamination was quantified in terms of cell concentration (Eq. 9) and in terms of biomass

concentration (Eg. 10).

= B

fe = e 9)
_ npmpe

AB = ngmap+npmp

(10)

where na and ng are the microalgal and bacterial cell concentration, respectively, and ma and mg

the microalgal and bacteria cell mass, respectively, with mp fixed at 30 pg/cell and mg at 1 pg/cell.



2.8 Statistical analysis

Batch cultivation tests were performed testing 4 different biological replicates for each condition
(Pmr and Pyg). Here a biological replicate is considered as a physically separated culture, inoculated
with an algal suspension coming from a different PBR, operated at the same conditions. However,
since half of the replicates were sampled at different times (to cover better the whole dynamic
behavior), statistical tests that compared results at the same time point were performed considering
a number of replicates (n;) = 2. Significant differences (a=0.05) were determined by performing
analysis of variance (ANOVA) or Student’s t-test. Error bars are reported as standard deviation
(SD). Nonlinear fitting was performed by the MATLAB function ‘nlinfit’, which performs the
minimization of the sum of the squared residuals. The uncertainty in the model parameters was

indicated with 95% confidence intervals (Clgsy), calculated with the MATLAB function ‘nlparci’.

Table 1. Chemical composition of cheese whey permeates from microfiltration (Pye) and ultrafiltration (Pyg)

and concentrate from ultrafiltration (Cyg). Data are reported as average + SD (n, = 2).

Parameter Pwe Pur Cur
COD (g/L) 3/+1 232+0.2 n.d.
Total sugars (g/L) 35+2 28+8 52+5
Glucose (g/L) 13+1 9.6+0.2 141+0.1
TN (mg/L) 590 + 50 180 + 30 1100 + 30
TP (mg/L) 81+3 49.4+03 15242
TS (g/L) 30+1 27+1 42+1
CIN 24+2 51+9 n.d.
pH 8.02+0.01 54+04 4.81 £0.07

Results and discussion

3.1 Cheese whey characterization after microfiltration and ultrafiltration

The permeates from ultra- and microfiltration had a COD almost entirely composed of sugars,
which was the predominant organic component (Table 1). The concentration of total sugars in the
permeates was 20-37% lower than that of lactose usually reported for raw whey (~45 g/L) [26].

This was likely due to a degradation of sugars by microbial flora taking place during storage and
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filtration (~9 h for UF and ~2 h for MF). This hypothesis is corroborated by the observation that the
sugar concentration decreased with increasing the duration of permeate storage and filtration: Py,
whose storage and filtration lasted about 2 h, had a sugar concentration of 35 g/L, which is
significantly larger than that found in the Pyr (23 g/L), for which about 9 h were necessary.
Biodegradation during filtration and storage was also confirmed by the analysis of pH, which varied
from the initial 8.0 (Pur) to the value of 5.4 after ultrafiltration and storage, thus evidencing the
occurrence of microbial fermentation.

Since the measured glucose was derived by the hydrolysis of lactose, the difference between total
sugars and glucose can be imputed to galactose and residual lactose. A comparison between the
concentrations of glucose and total sugars indicated indeed an incomplete lactose hydrolysis:
glucose was about 1/3 of total sugars, instead of the 1/2 expected in case of complete lactose
hydrolysis. The concentration of N in Py was in line with previous data [26]. Ultrafiltration was
performed to remove soluble whey proteins, which are a high-value product already produced at
commercial scale, and to reduce N concentration, thus increasing C/N ratio. It should be remarked
that the interest into this ultrafiltration is that the increased C/N ratio of the Pyr can promote the
selection of microorganisms with increased ability to store energy reserve materials and can thus
increase the competitiveness of microalgae compared to bacteria [13]. Indeed, at higher C/N ratio,
the production of biomass is mostly due to C accumulation, rather than balanced growth, and in this
condition microalgae can be more competitive versus heterotrophic bacteria, due to their high
accumulation ability [7].

Ultrafiltration reduced the N concentration from 590 mg/L to 180 mg/L, increasing the C/N from 24
to 51 (Table 1). As a result, in the Cyr, the N content increased up to 1100 mg/L. TP was also
partially decreased in the Pyr and increased in the Cyp.

3.2 Biomass production

Total biomass concentration was measured during the cultivation by membrane filtration (0.2 pum),

which provides the sum of microalgae and contaminants (bacteria) biomass. With both Pyr and Pug,
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a continuous increase in the biomass was observed in the feast (substrate replete) phase, until 72 h
with Pue and 48 h with Pyg, followed, during the famine phase, by a decrease determined by the
consumption of endogenous biomass as energy source and/or by cell lysis (Figure 1). The energy
starvation condition (famine) was reached earlier with Py, due to the lower initial concentration of
total sugars (Sp). The reduced Sy contributed to give a maximum biomass concentration (Xmax)
significantly lower with Pyg (3.37 £ 0.05 g/L) compared to the experiment with Pye (8.5 £ 0.5 g/L),
(p=0.04). However, the difference between the Sy values in the two experiments was not sufficient
to explain the difference between the attained Xmax values. In fact, this difference was mainly due to
a biomass to substrate yield Yy,s  with Pur (0.27 g/g) lower than that observed with Pyr (0.54
g/g) in the initial feast phase (Table 2). The Yy,s _ obtained with Pyr is in the range of values
(0.40-0.60 g/g) previously obtained for Scenedesmus with synthetic media containing glucose as
substrate [5,12], while the reduced Yy /s for Pyrwas unexpected, and the exact reason remains not
completely clear. Different factors suggest that Pyr contained a higher number of fermentative
bacteria converting sugars to extracellular organic acids, thus determining a lower biomass yield.
These factors were: the longer pre-treatment time of Pyr (~9 h) as compared to Pyr (~2 h), the
higher concentration (about 10 folds) of bacteria in Pyr as compared to Pyg, the higher fraction of
COD that cannot be imputed to sugars at the end of the batch with Pyr (87%) as compared to that
with Pue (28%), and the lower sugar concentration (Sp) and lower initial pH of Pyg (Table 1). Such
hypothesis was also confirmed by the measurement of OH™ added to control the pH. In the feast
phase, when Pye was used, 0.7 £ 0.6 mmol OH’/L were added to maintain the pH at 7.5 + 0.1, while
for the test with Pyr, 36 £ 8 mmol OH/L were added (Figure 2c-d), confirming a much higher

concentration of acids in the medium.

Table 2. Process parameters related to biomass production and productivity, as measured in the batch tests

with 50% Pye or 50% Pye. Xo=1.5+ 0.1 for Pye. Xo = 1.2 £ 0.1 for Py

12



Xinax AX max Tx max Xy AXy Tx,f Yy /Smax Yy /Sf

(9/L) (/L) (g/L d) (9/L) (9/L) @Ld)  (9x/9s) (9x/9s)
Puvie 85%05 6.9+05 29+06 43%0.2 2.7%0.3 0.31+£0.03 054+0.06 0.17+0.02
Pur 34+01 21+01 1.7+0.1 26%0.3 14+03 0.16 £0.04 0.27+0.02 0.13+0.03
a b
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Figure 1. Biomass production, total sugars and glucose consumption throughout batch tests conducted with
Pue (a) and Py (b). Total nitrogen throughout batch tests conducted with Pye (¢) and Py (d). Data are

reported as average = SD (n, = 2).

Glucose was completely depleted at 48 h for Pyr and at 24 h for Pyg, thus more rapidly than the
other sugars (galactose and some lactose), indicating that biomass grew following a diauxic
behavior (Figure 1). A similar diauxic growth has been previously observed also for Chlorella

sorokiniana growing on acetate and butyrate [27]. Sugars were not completely removed, but a

13



minor residual fraction of 380 £ 20 mg/L (6% So) for Pys and 1000 £ 80 mg/L (14% So) for Pue
remained in the residual medium at the end of the batch.

As expected, biomass concentration decreased during the famine phase with both Py and Py
(Figure 1). This decrement was more significant with Py: (-50% with respect to X, AX: -4.4 g/L)
than with Py (-36% with respect to X, AX: -0.77 g/L). The larger biomass yield during the
famine phase of the experiment with Py could be induced by a higher accumulation of reserve
material during the previous feast phase. Indeed, this increased accumulation of reserve material
with Pyg, which is mainly determined by the higher C/N of P, could be used to adapt better cells
to starvation. The decrement of biomass during the famine phase progressively reduced the Yy/s,
which eventually reached a value almost identical with Py (0.13) and P, (0.17), attained after 140
h with Py: and 192 h with Py (Figure 2). The maximum productivity (rx ,n4,) Was attained after 24 h
with both Pyr and Py, and it is mainly related to the availability of glucose.

xmax aNd ry swere 1.7 and 2 folds higher, respectively, in the experiment with Pyr compared to the
experiment with Pye (Table 2). This difference can be explained by the same mechanisms
previously illustrated to explain the different Xmna.x values attained with Pye and Pyg. The process
indicators quantifying biomass production and productivity (Table 2, except Yx,s) almost
proportionally increased with S,. Therefore, all these indicators could be further increased by
increasing S,. Since in this study Py and Py were diluted two folds, it is foreseen that the indicators
related to biomass production and productivity could be increased up to two times by using
undiluted Pye or Py as culture medium.

It should be underlined that the ry max (Table 2) obtained with heterotrophic cultivation with Py and
Pur are significantly higher than those typically attained with the only phototrophic cultivations (<1
g/L d) [28]. This improvement is due to the light-independent regime of heterotrophic growth, that

can overcome the limitation induced by the self-shading effect.
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Figure 2. Biomass to substrate yield factor (a) and biomass productivity (b) determined at different time
points for biomass produced from Py and Py Amount of HCI and NaOH added throughout the cultivation
of microalgae with Py () and Pyr (d) to maintain the pH stable at 7.5 + 0.1. Data are reported as average +

SD (n, = 2).

3.3 Pollutant removal

Biomass production was made possible by the consumption of organic carbon, N and P, which are
the main pollutants present in Py and Pyr. The maximum removal attained for TN, TP and COD
were 90%, 87% and 91%, respectively (Table 3). Cultures grown with Py removed more COD
(91%, -15.9 g/L) than with Py (73%, -8.4 g/L), attaining a final COD lower (1550 mg/L) than with
Pur (3200 mg/L). As discussed in the previous section about biomass production, this difference
could be induced by a higher fraction of S, converted to fermentative extracellular products when
Pur was used. Indeed, sugars were only 13% of the final COD for Py (while 77% for Pyg). Since
lactic acid is the main fermentative product of microbial flora in cheese whey [29], we can assume

that the not-sugar COD fraction was almost entirely composed of lactic acid. This would
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correspond to have 2.6 + 0.2 g/L of lactic acid. An equal mass of sugar would be directed towards
fermentative products (C¢H1206 + 2 ADP + P; — 2 C3HgO3 + 2 ATP) rather than biomass, which is
sufficient to explain the lower Yy, observed with Pyr. The molar concentration of the calculated
lactic acid is 29 £ 2 mmol/L, in agreement with OH" added to correct the pH (36 + 8 mmol/L),
according to the reaction stoichiometry.

The removal of TP was higher for Py: (87%, -77 mg/L) than for Py (71%, -51 mg/L), mainly due to
the higher biomass production attained with Pyr (Table 3). A relevant part of this P was removed
after 1 h (36% for Pyr and 47% for Pyg) due to chemical precipitation. By assuming that all the
residual P was removed by the uptake into biomass, comparable P uptake yields can be estimated
with Pye and Py, corresponding to 13 + 1 mgp/gx and 18 = 5 mgp/gx for Py and Py,
respectively. These values are consistent with the typical P content reported for microalgal biomass
(1-3%). It should be underlined that, in this study, to prevent any P depletion, P was also added to
the culture in the form of HPO,. The motivation for this addition is that, by using only permeates, P
could have been completely removed, becoming an additional limiting nutrient, making it

impossible to clearly distinguish the effect of C/N ratio.

Table 3. COD, TN and TP removal achieved during microalgae cultivation with Py: and Pyr. Data are

reported as average + SD (n, = 2).

C Chin Cs A¢ A¢ Amax Amax
(mg/L) (mg/L) (mg/L) (%) (mg/L) (%) (mg/L)
COD 17400+500 155050 1550 + 50 91+4 15900 + 500 91+4 15900 + 500
Pue TP 88+3 117401 117401 87+3 7743 87+3 77+3
TN 320+ 80 37+3 161+5 50 £ 10 160 + 80 90 £20 280 + 80
COD 11610+80  3200+200 3200 + 200 73+2 8400 200 7342 8400 + 200
Pue TP 727403 2142 2142 7147 51+2 7147 5142
TN 73+3 9.3+0.4 10+1 87+5 63+3 8745 64 +3
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Comparable maximum TN removal yields (~90%) were achieved with Py and Py (Table 3). The
maximum TN removal yield was attained in correspondence of the end of the batch with Py, while,
in the experiment with Py, it was attained after 162 h. After this time, with Py, the TN removal
decreased, reaching 50% of the maximum value at the end of the batch (212 h) (Figure 1c). Such
anomalous non-monotone evolution of the TN removal in the experiment with Py: can be explained
by a significant release of N from the biomass during the late famine phase of the batch (186-212
h). This hypothesis is consistent with the higher drop in biomass concentration observed with Py
during the famine phase (Figure 1a). This biomass concentration drop was determined by more
significant cell lysis taking place during the famine phase in the culture fed with Py, which released
N in form of proteins and peptides. This behavior was also confirmed by the pH control: with Py, a
relevant amount of HCI (8.5 £ 1.3 mmol/L) was needed during the last part of the batch to maintain
stable the pH (Figure 2c). Such amount of H was equimolar with respect to the released N (8.8 +
0.4 mmol/L), suggesting that it was mainly used to react with amino groups.

The incomplete N consumption for both Py and Py could suggest that N was never a factor
limiting the growth. To verify this, the nitrogen quota (q,) of the produced biomass was determined
(Figure S2) by assuming that all the removed N was used to produce new biomass. By this
approximation, it was found that gy was 0.047 after 72 h with Py and 0.035 after 48 h with PyE.
These qy values are lower than the maximum N quota for T. obliquus (~0.095 gy/gx [12,30]),
despite N was still present in the culture medium. This indicates that the residual N remaining in the
culture medium was not used by microalgae likely because it was in form of proteins exhibiting
major resistance to proteolytic activity and thus not easily biodegradable, as shown in a previous
study [29].

3.3 Evolution of the biomass composition

Since Pyr had a higher C/N ratio than Py, a higher accumulation of storage compounds was
expected for microalgae grown on Pyr. Results confirm this because the biomass grown on Py

reached a carbohydrate fraction equal to 30.0 £ 0.5% after 24 h and 27.6 £ 0.8% after 72 h, thus
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significantly higher (p=0.004) than the values attained with Pyr, which were 18 = 4% at 24 h and
20 + 2% at 72 h (Figure 3a).

The carbohydrate content of the biomass cultivated with Pye increased during the feast phase,
reaching a maximum at 72-120 h, in correspondence of the depletion of the organic substrate, and
then monotonically decreased during the following famine phase (Figure 3a). After the depletion of
the organic substrate, the carbohydrate contents of the biomasses cultivated with Py and Py
progressively decreased to comparable values (p>0.05), corresponding to 14 + 2% at the end of the
batch. The biomass nitrogen quota gy, which should be proportional to the protein content, followed
an opposite behavior: it decreased during the feast phase, attaining a minimum in correspondence of
the maximum carbohydrate content (at 24 h with Pyr and around 100 h with Pye (Figure S2) and
then increased during the famine phase (absence of substrate) owing to consumption of stored

carbohydrates [13].
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Figure 3. Carbohydrate content inside biomass at different time of the cultivation with Pyr and Py (2). Data
are reported as average £ SD (n = 2). Qualitative supposed distribution of single-cell content of
carbohydrates inside microalgal cells at the end of the feast (energy replete) phase when cultivated on Py

(b) and Py (c). Threshold dotted line indicates a hypothetical minimum amount required to resist under the

famine phase (energy starvation).

3.4 Dynamic behavior of microalgae and bacteria cell populations
To assess if the alternation of feast and famine conditions induced during the batch cultivation

could be effective in controlling bacterial contamination, microalgae and bacteria cells were
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separately measured by optical counting and flow cytometry, respectively. The end of the feast
condition was defined as the time after which carbohydrates present in the medium were no longer
consumed (depletion of bioavailable sugars) and at which X« Was attained. This condition was
reached at 72 h with Pyr and 48 h with Py (Figure 1). During the feast phase, both microalgae and
bacteria cells increased significantly in number by following an initial exponential growth. For both
microalgae and bacteria, the growth of cell concentration gradually slowed as the substrate
concentration was reduced, till attaining a maximum of cell concentration at substrate depletion.

This evolution of the cell concentration was fairly described by the logistic model (Figure 4).
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Figure 4. Microalgae (a-c) and bacteria (b-d) cell concentration throughout batch cultivation with Py (a-b)
and Py (c-d). Solid line indicates the model values obtained after the fitting for the feast (energy replete)
phase (white background) and famine, energy starvation, phase (grey background). Dashed line indicates the
prediction of the logistic model for times longer than the beginning of the famine phase. Data are reported as

average = SD (n, = 2).
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For both microalgae and bacteria, the use of Py or Pyr did not affect significantly pmax (Table 4).
This can be explained by observing that the same substrates in Pyr or Pyr are used. As expected,
bacteria grew faster than microalgae, with a duplication time (tq) of 4.4-4.9 h, while microalgae had
a growth rate about two times lower (t3=6-9 h). The pmax determined in this study for T. obliquus
microalgae is higher than values previously reported for the same species under phototrophic
conditions, which were between 0.042-0.065 h™ (t;=16-11 h) [31,32] and comparable to that of
Chlorella sorokiniana determined on heterotrophic growth on glucose at 25 °C (t3=8-9 h) [33].
These data indicate that no known microalgal strain could win the competition with heterotrophic
bacteria when cultivated heterotrophically in whey under comparable substrate (energy) replete

condition.

Table 4. Model parameters estimated for microalgae and bacteria grown with Pyr and Pyg. Errors are shown
as + Clgso. The parameters no, n; and n, indicate total cells at the beginning of the famine phase (energy
starvation), cells resistant to the famine phase and cells lysed during the famine phase, respectively. Data are

reported as average = SD (n, = 2).

*These parameters were not reported because of the too high uncertainty in their determination.

Mmax t Nmax Kp ti2 Ny N, Na/Ng
(h™ (hy  cell/mL (hh) (h) (cell/mL)  (cell/mL) (%)
Pur 0.07 £ 9+1  22:10"+2:10" | 0.08 +0.06 9+7 14-10" + 1-107 11-10" + 1107 44
) 0.01
microalgae
Pur 011+ 6+£3  62:10°+8-10° 0 - 106-10° £ 6-10° 0 0
0.04
Pur 0.16 + 44+  3910°+710° | 04+03 1.7+ 12:10°+£2:10°  27-10%+2:10° 69
. 0.02 0.5 1.3
bacteria
Pur 0.14 £ 49+ 12108+ 2:108 n.d.* n.d.* 5108+ 3-108 6-10%+3-10° 54
0.01 05
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The knowledge of the pmax Of bacteria and microalgae allows to quantify the difference between
microalgae and bacteria competitiveness for substrate uptake, and to predict the optimal operating
conditions that should be selected to minimize bacterial contamination. To our knowledge, no
previous study quantified the growth rate of bacteria flora in competition with microalgae, neither
in real wastewater nor in synthetic consortia.

An issue in the assessment of bacteria growth is given by the heterogeneity of this microbial flora,
composed of both flora coming from whey and flora coming from non-axenic microalgal
phototrophic culture used as inoculum. However, the native flora from whey is expected to be the
most relevant because adapted to the specific substrates that are found in the whey. Previous studies
indicated that main native bacteria responsible for whey fermentation are Lactobacillus delbrueckii
and Streptococcus salivarius subsp. thermophilus [29,34]. Pure L. delbruecki showed pmax between
0.12 — 0.25 h™* (;=5.8-2.8 h) [35-38], while S. thermophilus between 0.1-0.9 h™ (t;=0.8-7 h)
[38,39], under cultivation conditions similar to this study. The pumax found in this study (Table 4) for
bacteria are in the same range reported for S. thermophilus and L. delbruecki.

The logistic model was inadequate to describe the evolution of cell concentration measured during
the famine phase. In fact, this model predicts a constant final cell concentration, which was not
attained in all experiments. Bacteria showed a relevant and quick decrease in cell concentration
within 24 h after the beginning of the famine phase (Figure 4b,c). Microalgae showed an initial
increase in cell concentration at the beginning of the famine phase. This increase was statistically
relevant only for microalgae cultivated with Pyr (Figure 4c), while for microalgae cultivated with
Pwmr, it was in the same order of the experimental error (Figure 4a). This behavior can be explained
by a progression of the cell cycle for the cells that completed the G1 phase before the substrate was
depleted [40]. This transient phase, in which cell duplication occurred in absence of substrate, could
not be predicted by the used models. After this transient phase, microalgae grown with Py, showed
a relevant decrease in cell concentration, while the concentration of microalgae cells grown with P

remained almost constant. Bacteria concentration showed a relevant decrease with both Pz and Py.
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When cells lysed, however, the cell concentration did not go to 0, but it reached a plateau,
evidencing the existence of two different subpopulations: a subpopulation resistant to the famine
phase (energy starvation) and a subpopulation undergoing cell lysis. This is a known phenomenon
already observed for bacteria [13,41]. The reasons can be different and are mainly related to cell-to-
cell variability of the biochemical composition [13]. A possible reason is the presence of a
subpopulation with a larger fraction of stored carbohydrates and/or lipids. This variability was
observed for lipid accumulation in T. obliquus [42] and it is also common in mixed populations of
bacteria in wastewater. Such heterogeneity can give a different cell-to cell ability of adaptation,
resulting in the lysis of only those cells with insufficient energy storage for adapting to the new
environment.

In accordance with this analysis, the model used to describe the evolution of cell concentration
during the famine phase considered two different subpopulations: the first one, with cell
concentration equal to ny(t), able to survive till the end of the batch (because of the higher
accumulation), and the second one, with cell concentration equal to n,, unable to survive under the
famine phase, and entirely lysing (i.e., n,=0 at the end of the batch) by following first order kinetics
(Egs. (5)-(8)). Therefore, the residual concentration at the plateau attained at the end of the famine
phase should correspond to n,. This approach allowed describing satisfactorily the decreasing of cell
concentration during the famine phase (Figure 4). However, for bacteria grown on Py, in the late
phase of the batch, it appeared that cell concentration started again to decrease with a decay rate
lower than that observed at the beginning of the famine phase. This latter trend could not be
captured by the model.

Remarkably, for microalgae grown with Py, no relevant decrease in cell concentration was
observed, which corresponds in the implemented model to have n, always equal to 0. This increased
resistance to the famine phase in the experiment with Pyg, as compared to Pmg, Supports the
hypothesis that the cell-to-cell heterogeneity in stored carbohydrates plays a relevant role on

determining the different cell-to-cell resistance to energy starvation. Indeed, it can be supposed that,
22



to survive under the famine phase, a minimum (threshold) amount of accumulated carbon is
required. Then, considering that a population with higher average content of accumulated
carbohydrates should have a higher fraction of cells over a certain threshold level (Figure 3b,c)
[43], it results that a higher average carbohydrate content should induce a higher survival rate under
the famine phase. Py had indeed a higher C/N ratio than Py, which is known to increase storage
compound accumulation [40]. The analysis of carbohydrates in the biomass confirmed that
microalgae grown with Py had higher average carbohydrate content than those grown on Pye
before entering the famine phase (Figure 3a).

Specific decay kinetic constants (kp) and half-life times (t,,) were of the same order of magnitude of
M and ty for both microalgae and bacteria (Table 4). These kp values are similar to the values
previously found for Escherichia coli [41], and about 10-100 folds higher than those found for
activated sludge, which are usually around 0.004 h™ [44,45]. The fraction of resistant cells (n./n)
was 56% and 100% (no lysis) for microalgae grown on Py, and Py, respectively, and of 31% and
46% for bacteria grown on Py and P, respectively. These fractions indicate that microalgae resist
better than bacteria during the famine phase, and that the higher C/N of Py can increase resistance
making all microalgal cells resistant to the famine phase. Therefore, the famine phase can be
effective to reduce bacterial contamination. However, because in this phase microalgae consume
storage compounds, as carbohydrates (Figure 3a), the application of a famine phase seems more
feasible if the harvested biomass is used to produce proteins or as inoculum for further cultivations.
The microalga T. obliquus can accumulate up to 40-60% carbohydrates as dry weight [46],
corresponding to accumulating about 2-3 folds its initial weight as carbohydrates [40]. The
accumulation ability of bacteria is more difficult to be predicted because there are different
unknown bacteria species in the wastewater and because, also for those known, there are few
information about the ability to accumulate carbohydrates. However, it was shown in previous
studies that mixed bacteria consortia in wastewater typically show very low accumulation ability, as

compared to microalgae, since they increase their weight by accumulation only by a factor lower
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than 1.25 (corresponding to reach carbon reserves covering about 20% of dry weight) [47]. In our
study we observed a higher survival rate of microalgae in the condition in which more
carbohydrates were accumulated (Pyg). This suggests that an increased accumulation of
carbohydrates may be the reason for the higher survival rate that we observed for microalgae as
compared to bacteria in the famine phase. This is in agreement with previous results obtained by

uncoupling glucose and N to control bacteria contamination [7].
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Figure 5. Dynamic evolution of the bacterial contamination (fg) as measured for Py (a) and Pye (b) and as
predicted by the models. Energy starvation (famine) phase is indicated in grey. Data are reported as average
+SD (n, = 2).

3.5 Assessment of bacterial contamination and strategies to control it

Bacteria contamination throughout the batch was quantified by the ratio fg between the
concentration of bacteria (na) and microalgal cells (ng). The evolution of fg predicted by the model
with the estimated parameters (Table 4) is compared with the fg values recorded during the
experiment in Figure 5.

In the initial phase of active growth under feast conditions, both bacteria and microalgae grew
exponentially:

ny = nAJOeHmax,At

(10)
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ng = nBloeHmax,Bt

(11)

where Umaxa and HPmaxs are the maximum specific growth rates of microalgae and bacteria,
respectively. It then follows:

fB - nB — we(umax,B_umax,A)t

na n40
(12)
Since bacteria have a higher pmax, bacteria contamination (Eqg. 12) increases exponentially with a
net growth rate pmaxc = Hmaxs - Hmaxa. The Mmaxc Was equal to 0.09 # 0.02 h™ for Pye (t5=7.7 h),
which means that bacteria contamination doubled every 7.7 h when substrates are all available (for
Pur Mmaxc Was not statistically different). To control bacterial contamination, the duration of this
phase, which can be varied by modifying the substrate load, could be adequately tailored
accordingly to pmaxc , Yxss and initial fgo. In the case of utilization of Py, the initial bacterial
concentration was higher (due to the longer pre-treatment), indeed fg o was 0.17 + 0.05 for Py and
1.4 £ 0.3 for Py, thus reducing the widest time window that allows maintaining contamination
below a certain threshold.
During the famine phase, some cells lysed due to the shortage of energy. Bacteria had a higher drop
in cell concentration than microalgae, thus the contamination could be reduced (Figure 5). For both
Pur and Pume, the contamination reduction was the highest around 24 h, immediately after the
beginning of the famine phase, and then there was not further relevant improvement. Considering
that the famine phase should be minimized to maintain ry as high as possible, the analysis of
bacterial contamination indicates that the batch should takes no more than 24 h after substrate
depletion. This strategy can also allow avoiding the releasee of N observed for longer times (Figure
1b), which would reduce N removal yield.
It is here worth to remark that, to select PHA-accumulating bacteria from activated sludge, in

analogy with the strategy implemented in the present study, the alternation of energy-replete (feast)
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and energy deplete (famine) phases is often exploited [13]. However, in these latter studies, the
durations of the phases have been chosen mainly empirically, based on the analysis of the mean
PHA content obtained by varying the phase durations [48,49], rather than based on species-specific
differences in growth kinetic parameters. The optimal feast to famine ratio found in the present
study is 0.66-0.75, significantly higher than the ratio usually reported for selecting PHA-
accumulating bacteria (0.1-0.3) [48-50]. However, the length of the famine phase here used was 24
h, higher than that usually employed for selecting PHA-accumulating bacteria (5-11 h) [48,50].

Cell concentration alone may not be enough to quantify the contamination of the produced biomass.
It should be taken in consideration that bacterial cells have a mass usually below 1 pg, while T.
obliquus cells mass is between 20-60 pg (depending on growth condition) [42]. By assuming
bacteria and microalgae masses per cell equal to 1 pg and 30 pg, respectively, the fraction of
bacterial mass on total biomass (g) was estimated by Eq. 10. The initial biomass was composed for
99.4 £ 0.3% (Pwmr) and 95.6 + 0.3% (Pur) of microalgae at t = 0, attaining a minimum in the purity
(62-64%) at the end of the feast phase. Then, after 24 h of famine phase, the purity increased again
to 82-85% (Figure S3). Despite the famine phase was effective in reducing contamination, the
purity of microalgae biomass was not high as in the phototrophic condition (namely, the starter
inoculum at t = 0). This latter problem could be overcome by further optimizing the feast phase, in a
way that substrate depletion is attained before attaining an exceedingly extended bacterial
contamination. To this aim, a prediction on the time-evolution of g under feast conditions was
carried out by using the Eqg. 12, for different values of microalgal pmaxa and a fixed value of
bacterial Pmaxs = 0.0158 h™* (t;=4.4 h) (Table 4). This way, it was possible to evaluate the time
window for cultivating different known microalgae strains with whey, at 25 °C, preventing
excessive contamination (Figure 6). The tmaxa Used were: 0.077 h™* (t;=9 h), for T. obliquus of this
study; 0.087 h™ (t4=8 h), for Chlorella sorokiniana [33]; 0.0117 h™* (t5=59 h), for the high value but
slow growing Hamaetococcus pluvialis [51] and 0.137 h™ (t5=5 h), for Chlorella sorokiniana under

mixotrophic condition [33].
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When nutrients are replete, since microalgae have pmaxa < HUmaxs, they have a limited time window
before contamination attains a threshold value. Particularly, if the threshold is fixed at 10%, the
time window in full heterotrophy is between 21 h (H. pluvialis) and 41 h (C. sorokiniana) when yz o
= 0.0056, as the case of Py (Figure 6a), and between 6 h (H. pluvialis) and 12 h (C. sorokiniana)
when ygo = 0.044, as the case of Py (Figure 6b). The threshold should be set case by case depending
on the end-use od the biomass. If mixotrophy is exploited, it can allow higher growth rate to
microalgae, due to the sum of phototrophic and mixotrophic metabolism. When mixotrophy is
considered, C. sorokiana can be cultivated for more than 36 h before attaining the threshold (Figure
6). This is a promising prediction worth to be validated with experimental data, since it could allow

a more stable non-axenic cultivation of such microalgal species on whey permeate.
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Figure 6. Prediction of bacterial contamination (yg, as biomass) evolution in a batch reactor fed with whey
permeate under feast (energy replete) condition, for different microalgal specific growth rate. Bacterial
specific growth rate: 0.158 h™ (t; = 4.4 h). In (a), xs0 Was set 0.0056 (g/g) as measured in Py, while in (b)
¥s.0Was set 0.044 (g/g) as measured in Pye.

The control approach described in this study allowed to minimize bacterial contamination during

cultivation in presence of organic substrate, but not to increase the purity of microalgae biomass. In

the described configuration, the system can be therefore scaled industrially only in a two-phase
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phototrophic-heterotrophic or phototrophic-mixotrophic process. Following the same approach,
future studies could evaluate the possibility to find operative conditions to run a sequencing batch
reactor (SBR) to select microalgae in fully mixotrophic or heterotrophic conditions. Our results
provide general guidelines to be followed that can be used in future studies to define more in detail

the operative conditions for specific microalgal strains and specific wastewater employed.
Conclusions

The microalga T. obliquus could grow by using the sugars contained in the permeates from whey
ultrafiltration or microfiltration as source of C and energy. However, under these conditions, the
microalgae growth rate (0.07 h™) was about two times lower than that of the heterotrophic bacteria
flora found in the employed medium (0.16 h™). Consequently, when sugars were available (feast
phase), bacterial contamination increased exponentially with a net specific growth rate of 0.09 h™.
Once substrate was depleted (famine phase), cell lysis took place determining a reduction in cell
concentration for bacteria significantly larger than for microalgae. This difference, which may be
explained by the higher accumulation of carbohydrates by microalgae during the feast phase,
allowed to mitigate bacterial contamination.

The optimal operative conditions to maximize biomass productivity, pollutant removal and maintain
bacterial contamination below a prescribed threshold should include a feast phase (substrate replete
condition), whose length should be appropriately selected based on the difference between
microalgae and bacterial specific growth rates and initial bacteria load, and a 24 h famine phase
(energy starvation). The results reported in this study describe how a batch bioreactor can be
operated to effectively boost microalgal biomass productivity by the biodegradation of a wastewater
containing both nitrogen and organic carbon substrates. It is expected that the proposed process can
be industrially scalable in a two-phase phototrophic-heterotrophic or phototrophic-mixotrophic

process.
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