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Culturing microalgae using dairy-wastes offers the opportunity of producing valuable biomass for different in-
dustrial applications. The capability of four Chlorella species and a recombinant Chlamydomonas reinhardtii strain
to mixotrophically grow in wastewaters from an Italian dairy factory was investigated. A robust algal growth
could be efficiently sustained in these wastes, despite the abundance of p-Lactose (~4% w/v), that could not be
metabolized by any microalgal species. Non axenic cocultivation of microalgae together with microbial com-

munities from the dairy wastes resulted in a marked decrease of their pollution load, thus reducing the necessity
of expensive treatments before their discharge in the municipal sewage system. Microalgae cultivated using
dairy-wastes were characterized by a lipid content ranging from 12% to 21% (w/w), with Auxenochlorella pro-
tothecoides reaching the highest lipid productivity (~0.16 g/L/d) whereas the transplastomic C. reinhardtii strain
expressing a thermostable p-glucosidase reached a recombinant enzyme productivity of 0.18 mg/L/d.

1. Introduction

Dairy industry is one of the major industries in the food sector. A
steady increase in the demand of milk and milk-based products has led
to an enormous growth of dairy industries with a consequent increase of
dairy wastewater production. In 2018, the Food and Agriculture Orga-
nization of the United Nations (FAO) estimated a global milk output
around 843 million tonnes, with an increase of 2.2% from 2017, whereas
world trade in dairy products expanded to 75 million tonnes (in milk
equivalents), with an increase of 2.9% from 2017 (Food and Agriculture
Organization of the United Nations, 2019). Dairy industry generates
large volumes of wastewaters, approximately 0.2-10 L waste per liter of
processed milk (Ummalyma and Sukumaran, 2014). Dairy wastewaters,
if not properly managed, represent a serious risk towards human beings,
environment and aquatic life (Karadag et al., 2015). Despite their
different compositions, mainly dependent on the technological opera-
tions employed for manufacturing dairy products, dairy effluents usu-
ally contain p-Lactose, soluble proteins, lipids and salts. Due to the high

organic content, dairy wastewaters are characterized by high
biochemical (BOD) and chemical oxygen demand (COD) values, varying
from 0.1 to 100 g/L (Kolev Slavov, 2017). If disposed in the environment
without appropriate treatments, dairy wastewater increase the risk of
eutrophication, due to their high content in Phosphorous- and Nitrogen-
based compounds (Kolev Slavov, 2017). Treatment of dairy wastewater
includes the use of expensive physico-chemical methods requiring
considerable amount of chemicals, energy and operating costs. Despite
not still optimized enough, the biological treatment of wastewater is
considered a more eco-friendly approach than physico-chemical
methods (Kolev Slavov, 2017). In this regard, the use of microalgal
cultivation in dairy wastewater has been proposed in recent years.
Several algal species including Chlorella pyrenoidosa, Anabaena ambigua,
Scenedesmus abundans, Chlorella vulgaris, Chlamydomonas poly-
pyrenoideum and Acutodesmus dimorphus have been successfully culti-
vated in dairy wastewater (Brar et al., 2019; Choi, 2016; Chokshi et al.,
2016; Kothari et al., 2013; Qin et al., 2014). The use of microalgae for
the recycling of dairy wastewater represents an integrated system that
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reduces the consumption of freshwater by combining the treatment of
wastewater with the production of valuable algal biomass. Microalgal
biomass has attracted great interest for its potential use in several in-
dustrial applications, such as the production of high added-value prod-
ucts and metabolites with use in cosmetics, pharmaceuticals, health
supplements (Barkia et al., 2019), animal feed (Yaakob et al., 2014) and
biofuels (Brennan and Owende, 2010). Production of biodiesel from
microalgae is considered a promising alternative to oil crops due to the
high lipid productivity of certain microalgal species, whereas the use of
closed growth systems, i.e., photobioreactors, offers the possibility of
using waste land rather than arable land for microalgal cultivation, thus
avoiding the competition with the agri-food sector (Chisti, 2007; Mal-
cata, 2011; Menetrez, 2012; Rodolfi et al., 2009; Stephens et al., 2010).
In this regard, mixotrophic cultivation of microalgae provides higher
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biomass and lipid productivity than cultivation under photoautotrophic
conditions; however, the cost of the organic substrate accounts for 80%
of the total cost of cultivation medium (Bhatnagar et al., 2011). More-
over, the use of organic sources in the culture medium increases the risk
of contamination by microbes, thus requiring expensive sterilization
procedures that negatively impact the economic sustainability of the
entire process. Recently, dairy effluents have been proposed as cheaper
organic sources for biodiesel production from microalgae (Abreu et al.,
2012; Brar et al., 2019; Choi, 2016; Chokshi et al., 2016; Hena et al.,
2015; Kothari et al., 2013). Another promising application of microalgae
is the production of recombinant proteins of high industrial relevance.
Microalgae have been proposed as interesting expression host since they
are characterized by a faster growth cycle compared to land-plants and
their cultivation is less expensive than that of bacteria and yeasts
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Fig. 1. Production scheme of the dairy factory. (a) The manufacturing pipeline of the three main dairy products (i.e., mozzarella PDO, ricotta cheese, butter) from
Azienda Casearia Capurso is shown. The two major dairy waste effluxes (i.e., fat dairy waste 1 and skimmed whey) are indicated: skimmed dairy waste 1 (D1) is
treated by reverse osmosis to obtain concentrated D1 and “permeate/dairy waste 2" (D2). The treatment of whey is also indicated. (b) Dairy waste fractions from

skimmed whey (left) and D1 (right).
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(Giovannoni et al., 2020). Moreover, microalgae are GRAS (Generally
Recognized As Safe) organisms and are therefore suitable host for
expressing proteins to be used in nutraceutical or biomedical fields
(Benedetti et al., 2018). Chlamydomonas reinhardtii is the model micro-
alga with the largest set of proven genetic tools, ranging from the het-
erologous expression of recombinant proteins to genome editing
techniques (Baek et al., 2016; Scranton et al., 2015; Taunt et al., 2018).
However, the use of dairy wastewater for the growth of recombinant
microalgae has not been so far proposed.

1.1. The production scheme of the Italian dairy factory

In this study, the potential of the dairy effluents from an Italian dairy
factory to produce biodiesel and recombinant enzymes from different
microalgae species was investigated. The Italian dairy factory object of
this study is Azienda Casearia Capurso (P. IVA 05982300724; Puglia,
Italy). The dairy factory is involved in the manufacturing of various
types of milk products, mainly mozzarella PDO (Protected Designation
of Origin), ricotta cheese, and butter (Fig. 1a). The production pipeline
generates two major effluents, namely “fat dairy waste” and skimmed
whey. The production of mozzarella and ricotta cheese leads to the
accumulation of fat dairy waste that, in turn, is skimmed to produce
butter and skimmed dairy waste (D1) (Fig. 1a). Skimmed whey is the
residual material from the whole whey, and it is the other main effluent
of the dairy production pipeline (Fig. 1a). 39 million Liters of D1 and
skimmed whey are produced annually, with an overall cost of 0.78 to 3.9
million € spent by the dairy factory for their disposal, plus an additional
cost of 520,000 € for their transport. The dairy factory is equipped with a
treatment plant for each effluent. Upon reverse osmosis, D1 is separated
into (i) concentrated D1 (retentate), highly rich in organic carbon
sources, and (ii) “permeate”, here referred to as dairy waste 2 (D2)
(Fig. 1b). For the concentrated D1, if not discharged by paying the
municipal wastewater plant, an attempt of valorization was made by
providing it as substrate for biogas production, however, the process was
not satisfactory. Notably, an excessive administration of concentrated
D1 over time in the biogas plant causes a reduction in the biogas yield
due to the alteration of the anaerobic conditions of microbial commu-
nities inside the digester. D2, due to its biochemical composition, re-
quires ad hoc treatment before its discharge into the city wastewater
treatment plant. Skimmed whey with 6% wt of total solids (TS) content
is concentrated by reverse osmosis as well, by generating the concen-
trated skimmed whey (18% wt TS) and “whey permeate” (Fig. 1b).
Skimmed whey concentrate is valuable as cattle feed, thus representing
a profit for the dairy company, while the whey permeate is disposed of
directly in the municipal sewage system.

Therefore, our study focused on the management of dairy wastes
derived from the production of mozzarella PDO and ricotta cheese,
namely D1 and D2, by coupling the recycling of dairy wastes to the algal
cultivation. An optimized combination of D1 + D2 enhanced a robust
growth of five different microalgae species, i.e., C. vulgaris, Chlorella
sorokiniana, Chlorella saccharophila, Auxenochlorella protothecoides and
C. reinhardtii. At first, the algal biomass was analyzed in terms of lipid
accumulation to determine its potential for biodiesel production. Sub-
sequently, the enzyme yield of the recombinant p-glucosidase from
Pyrococcus furiosus expressed in the chloroplast of C. reinhardtii (Bene-
detti et al., 2020) was evaluated after growing the transplastomic strain
in the dairy waste-based media. It is worth noting that p-glucosidase
from P. furiosus is also characterized by p-galactosidase activity (Kengen
et al., 1993), i.e., the capability of degrading p-Lactose, making this
enzyme highly valuable for the dairy factory itself since it can be used to
produce lactose-free products. Finally, the levels of contaminants and
chemicals were analyzed in the exhausted growth medium by providing
further insights in the algal-based remediation of dairy wastes.
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2. Materials and methods
2.1. Growth media

The dairy wastewater samples were collected from “Capurso Azienda
Casearia srl”, Gioia del Colle (BA, Italy).

Preliminary tests for the pre-treatment of dairy wastewater were
performed in 6-well plates. The D1 waste was treated at 85 °C for 6 min,
and then added in different concentrations (0.5, 1.5, 4.5 and 13% v/v) to
5 mL of salt-mixture (SM) medium (Table 1). The different mixtures
were incubated for 144 h at 50 pmol photon m 2 s~ and 25 °C in a
rotary shaker (180 rpm) with a 16/8 h light/dark photoperiod. Growth
experiments were performed using different growth media (Table 1), in
particular:

- SM medium: a modified version of TAP medium (Kropat et al., 2011)
containing 0.48 g/ L Tris and devoid of acetate; it was used for
C. reinhardtii growth.

- SMCPOPt medium: SM medium in which NaySeOs3 is replaced by
H3BOg; it was used for Chlorella growth.

- D1SM: 13% D1 (v/v) in SM medium.

- DWSM: 13% D1 (v/v) diluted in D2 (87%) supplemented with SM or
SMCHIOPt gats,

- DW: 13% D1 (v/v) diluted in D2 without salts supplementation.

- Phi-supplemented D1SM and DWSM: D1SM and DWSM media in
which 1.2 mM PO%’ (Phosphate) was replaced by 4 mM KHyPO3
(Monopotassium Phosphite).

Monopotassium Phosphite was purchased from Wanjie Int., China
(CAS No. 13977-65-6). All the media were prepared fresh, pH-adjusted
(6.8) and heat-treated. Growth experiments in lab-scale photo-
bioreactors were carried out using differently pretreated DWSM media.
Pretreatment of DWSM medium was performed by autoclave steriliza-
tion (120 °C for 20 min), UV-radiation (overnight exposure) and heat
(85 °C for 20 min), hereafter referred as mild heat treatment.

2.2. Microalgal strains and growth conditions

C. reinhardtii wild type 1a + (mt+) was obtained from the Chlamy-
domonas Resource Center (University of Minnesota). The recombinant
BG-PTXD strain was obtained by transforming C. reinhardtii 1a + ac-
cording to (Benedetti et al., 2020). C. vulgaris wild-type strain 211-11p
was obtained from the Culture Collection of Algae (Gottingen Univer-
sity, Germany). C. sorokiniana, C. saccharophila and A. protothecoides
were obtained from the UTEX Culture Collection (University of Texas,
Austin, TX [http://web.biosci.utexas.edu/utex/]) as strains UTEX1230,
UTEX2911 and UTEX25, respectively. Microalgal strains were main-
tained at 25 °C, with a 16/8 h light/dark photoperiod, light intensity of
50 pmol m~2 s’l, in solid or liquid TAP medium (Table 1). Growth ex-
periments were performed in 6-well culture plates at 50 pmol photon
m2 s}, 25 °C and 150 rpm, or in photobioreactor system under
continuous light (PSI MC-1000, Photon Systems Instruments) by using a
light intensity of 50 to 200 pmol photon m 2 s~ and air bubbling
supplementation. For growth experiments, microalgal cells were inoc-
ulated at a concentration of 2.5 x 10° cell/mL unless otherwise indi-
cated. Growth was followed by measuring cell density using an
automated cell counter (Countess II FL Cell Counter, ThermoFisher) or
by recording OD at 720 nm.

2.3. Biomass production
The algal biomass was harvested by centrifugation at 1500g for 5 min

and dried by freeze-drying lyophilization. All the biomass weights re-
ported in the text are referred to the dry weight.
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Table 1

Media composition and cost of TAP, TAP Ch! Opt
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and SM. Reagent costs here reported were obtained from https://m.made-in-china.com/

g/L TAP TAP ©h! Ot SM SM Chl Opt SM cost SM Chl OPt ot
€/L €/L

Tris base 2.42 2.42 0.48 0.48 4.32E-04 4.32E-04
NH,4CI 0.40 0.40 0.40 0.40 6.50E-05 6.50E-05
MgSO4 0.05 0.05 0.05 0.05 3.90E-06 3.90E-06
CaCly 0.04 0.04 0.04 0.04 3.60E-06 3.60E-06
K,HPO, 0.09 0.09 0.09 0.09 1.14E-04 1.14E-04
KH,PO, 0.06 0.06 0.06 0.06 5.05E-05 5.05E-05
NayEDTA 0.02 0.02 0.02 0.02 3.48E-05 3.48E-05
(NH4)6Mo;044(4H20) 3.52E-05 3.52E-05 3.52E-05 3.52E-05 3.80E-07 3.80E-07
NaySeOs 1.73E-05 - 1.73E-05 - 9.34E-07 -
ZnS04(7H20) 7.19E-04 7.19E-04 7.19E-04 7.19E-04 4.53E-07 4.53E-07
MnCl,(4H20) 1.19E-03 1.19E-03 1.19E-03 1.19E-03 2.14E-06 2.14E-06
FeCl3(6H20) 5.41E-03 5.41E-03 5.41E-03 5.41E-03 1.70E-05 1.70E-05
NayCOs5 2.33E-03 2.33E-03 2.33E-03 2.33E-03 4.62E-07 4.62E-07
CuCl,(2H20) 3.41E-04 3.41E-04 3.41E-04 3.41E-04 9.21E-07 9.21E-07
H3BO3 - 4.95E-03 - 4.95E-03 - 1.56E-05
Acetate 1mL 1 mL - - - -

Total cost 7.26E-04 7.41E-04

2.4. Lipid quantification

Total lipids were quantified using the sulfo-phospho-vanillin (SPV)
assay according to Mishra et al., 2014,

2.5. Engzymes extraction, immunoblot analysis and activity assays

Protein extraction was performed by resuspending the dry algal
biomass with extraction buffer [1 mL extraction buffer: 6 mg microalgal
powder]. Extraction buffer was composed of 20 mM Na-Acetate buffer
pH 5.5 supplemented with 0.3% (v/v) Tween 20. The resuspension was
incubated for 50 min at 70 °C and, at the end of the procedure, the
sample was centrifuged (14,000g x 10 min) and the supernatant used for
downstream applications. Proteins extracted from 60 pg dry weight of
biomass were separated in 10% of SDS-PAGE gel then transferred to
nitrocellulose membrane and immuno-detected with a monoclonal
AbHA (HA7 clone, Sigma-Aldrich). Enzymatic activity was assayed by
incubating the algal extracts (10% v/v, 100 pL total volume) in 50 mM
Na-Acetate buffer pH 5.5 at 75 °C by using the substrates 5 mM p-
nitrophenyl-p-glucopyranoside (pNPGlc) and p-nitrophenyl-f-gal-
actopyranoside (pNPGal) to determine p-glucosidase and f-galactosi-
dase activity, respectively. The substrates were purchased from Sigma-
Aldrich. Enzyme activity was expressed as Enzyme Units (pmol of p-
nitrophenol released per min) per g (dry weight) of microalga.

2.6. Eyaluation of daily productivity of algal biomass

Maximum biomass productivity (g/L/d) during the culture period
was calculated in accordance with Abreu et al., 2012 by using the
following equation:

Prax = (Xl - XO)/<TX - TO)

where X; was the biomass concentration (g/L) at the end of the
exponential growth phase (Ty) and Xj the initial biomass concentration
(g/L) at to (day). The different growth phases were determined by
counting the microalgal cells at different time-points or, alternatively,
by following the variations in absorbance (ODy5¢) during the microalgal
growth.

2.7. Glucose and lactose quantification

p-Glucose and p-Lactose contents in dairy wastewater samples were
quantified by the commercial GOPOD assay kit (Megazyme) and Lactose
Assay Kit-Sequential/High Sensitivity (Megazyme), respectively.

2.8. Chemical analysis

At the end of the growth experiment, cultures were centrifugated at
1500g for 5 min, and the supernatants were collected and analyzed.
Total Nitrogen and total Phosphorous were determined according to the
APAT CNR IRSA 4060 Man 29 2003 method; COD was analyzed by the
SO 15705:2002 method; Chloride was analyzed by APAT CNR IRSA
4020 Man 29 2003 method; protein Nitrogen was calculated by multi-
plying the total Nitrogen using the conversion factor 6.38. p-Lactose was
analyzed by ionic chromatography (114 ed. 0 rev 2 2015 method). All
parameters were analyzed in triplicate.

Removal efficiency (%) of the strains used was calculated by the
equation:

RE (%) = [(Initial value—Final value)/Initial value] x 100.

2.9. Design of the dairy factory

Microsoft VisioTM software has been used to draw the flowsheets of
the processes shown in Figs. 1 and 6.

3. Results and discussion
3.1. Growth of wild type and transgenic C. reinhardtii in dairy wastes

The mixotrophic growth of C. reinhardtii was analyzed by supple-
menting D1 to SM medium, i.e., TAP medium devoid of acetate and with
areduced TRIS-base content (see Section 2.1). A pretreatment procedure
was employed in order to reduce the starting microbial load in dairy
wastes since D1 was characterized by a high microbial growth that must
be reduced in order to avoid deleterious competition with algal growth
(Supplementary Material). The use of a mild heat treatment was effec-
tive in reducing the microbial load in dairy wastes at a safe level for algal
growth, making D1 a suitable medium for algal growth at a concentra-
tion as high as 13% (v/v) of the total culture volume (Supplementary
Material). Sterilization procedures may alter the nature of dairy wastes
on one side, by concomitantly affecting the economic feasibility of the
process on the other. Mild heat treatment was effective in limiting, but
not totally abolishing, the contamination of dairy waste, and could be
adopted to replace expensive sterilization procedures for best sustain-
ability at large-scale. It is worth noting that the Italian dairy plant is
already equipped with several heated tanks that are routinely used to
pasteurize fresh milk before starting the cheese manufacturing process.

Over the past years, easy and efficient transformation systems have
been developed for C. reinhardtii; this microalga is gaining attention as a
potential bioreactor for the production of recombinant proteins (Baier
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et al., 2018; Benedetti et al., 2020; Perozeni et al., 2020; Scranton et al.,
2015). Under this perspective, C. reinhardtii represents a potential sys-
tem to combine the recycling of dairy wastes with the production of
recombinant enzymes. The mixotrophic growth of the wild-type and a
double transgenic C. reinhardtii strain, here named as fG-PTXD, was
carried out in dairy wastes-based media (Supplementary Material)
(Benedetti et al., 2020). pG-PTXD is a double mutant accumulating the
thermostable p-glucosidase celB from the hyperthermophilic archea
Pyrococcus furiosus (Kengen et al., 1993) in the chloroplast and the
Phosphite Dehydrogenase D from Pseudomonas stutzeri WM88 in the
cytosol (Costas et al., 2001). The PtxD gene encodes a NAD-dependent
phosphite oxidoreductase able to oxidase phosphite (Phi) into phos-
phate (Pi) by using NAD as a cofactor (Loera-Quezada et al., 2016). The
expression of PTXD confers to the PG-PTXD strain the ability of
metabolizing Phi as sole Phosphorous source (Loera-Quezada et al.,
2016). Importantly, Phi cannot be metabolized by plants, fungi and most
bacteria, representing an eco-friendly strategy to prevent microbial
contamination without using expensive sterilization procedures, anti-
biotics or herbicides. For this purpose, D1 was diluted in SM medium
(Table 1) to obtain the D1SM medium in which Pi (1.2 mM) was
replaced with different amount of Phi (i.e., 1-2-4 mM). The SM
composition was the same as TAP medium (Kropat et al., 2011), except
for the lack of acetate and a 80% reduced amount of TRIS-base (Table 1).
In general, TRIS-base is used to counterbalance high acetate concen-
tration in TAP-based formulation and was not necessary since acetate
was not added. The effect of different concentrations of Phi on microbial
contamination was investigated during the pG-PTXD growth (Supple-
mentary Material). Although the use of Phi could not provide an alter-
native and unique Phosphorous source since D1 already contains
“endogenous” Pi, it acted nonetheless as antimicrobial agent (Guest and
Bompeix, 1990). Indeed, a significant restriction of microbial growth
was observed in large Phi excess (4 mM) whereas Loera-Quezada and
coworkers obtained microbial containment in Pi-depleted/Phi-repleted
medium at much lower Phi concentration (i.e., 0.3 to 1 mM) (Loera-
Quezada et al., 2016). At Phi concentration lower than 4 mM, we
observed a weaker algal growth accompanied by bleaching effects, thus
indicating an unhealthy condition for the algal cultures (Supplementary
Material).

As previously mentioned, D2 needs expensive treatments before its
discharge in the municipal sewage treatment plant. Since D2 is char-
acterized by a low content of organic sources and a high salt concen-
tration (Table 2), the possibility of using D2 to dilute D1 at a ratio [13%
(v/v) D1: 87% (v/v) D2] was evaluated, with the purpose to avoid the
use of fresh water for algal cultivation. The D1 4+ D2 medium was either
supplemented with SM to obtain the DWSM medium or used without SM
supplementation in the attempt to render the whole procedure less
laborious and expensive (see Section 3.2).

Mixotrophic growth of fG-PTXD strain was evaluated in both D1SM
and DWSM media by replacing Pi in SM with 4 mM Phi (Fig. 2a). As
control, wild type C. reinhardtii strain la + (WT) was grown in Pi-
supplemented D1SM and DWSM media. Phi-supplemented D1SM me-
dium promoted a higher algal biomass production than the corre-
sponding Pi-supplemented version (Fig. 2a), with an algal biomass yield

Table 2
Composition of D1 and D2. The legal limits for the disposal in a sewage system
are in accordance with the Italian D. Lgs 152/06. n/a: not applicable.

Parameter D1 D2 Legal limit for disposal

in municipal sewage system

COD (mg O4/L) 19,607 622 <500
BOD5 (mg O/L) 10,041 582 < 250
p-Lactose (%, w/w) 0.42 <0.01 n/a
Chloride (mg/L) 5817 1088 <1200
Phosphorous (mg/L) 108 2 <10
Total nitrogen (mg/L) 593 37 <30
Protein nitrogen (mg/L) 3785 235 <30
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of 2.07 g/L and 1.14 g/L for pG-PTXD and WT strain, respectively
(Fig. 2b). After 10-days of growth, supernatants from Phi-supplemented
D1SM medium were characterized by a reduced turbidity compared to
those from Pi-supplemented D1SM medium, suggesting a more effective
containment of microbial growth (Supplementary Material). Interest-
ingly, the final biomass production of WT and PG-PTXD in Pi-
supplemented DWSM (1.86 and 1.79 g/L) was comparable to that of
BG-PTXD strain in Phi-supplemented D1SM medium (2.07 g/L) (Fig. 2a-
b), indicating that dilution in D2 resembled the same effect of Phi sup-
plementation towards microbial containment. Probably, the high con-
tent of Chloride in D2 (Table 2) played a role in limiting the microbial
contamination in D2-based media. Therefore, the use of D2 for the
cultivation of microalgae is beneficial not only for minimizing the use of
freshwater, but also for reducing the microbial contamination without
the addition of other antimicrobial agents. The use of dairy waste media
has already been demonstrated effective in sustaining the growth of
C. vulgaris (Abreu et al., 2012; Choi, 2016), and in this work a robust
growth of C. reinhardtii was also obtained in such media. However, the
use of dairy waste strongly increased the opalescence of the culture
medium, making challenging to monitor in continuum the cell density
related to the algal growth by measuring OD75y. Moreover, as opales-
cence hinders a homogenous penetration of light inside the photo-
bioreactor, the light intensity was increased compared to that usually
employed for mixotrophic growth, i.e., from 50-100 (Abreu et al., 2012;
de Melo et al., 2018) to 200 pmol photons m~2 571,

3.2. Growth of four different Chlorella species and wild type C. reinhardtii
in dairy wastes

Because of the rapid growth, ease of cultivation, high lipid content
and lipid productivity, microalgae of the genus Chlorella have been
proposed as promising feedstock for biodiesel production (Liu and Chen,
2014). C. vulgaris, C. sorokiniana, C. saccharophila and A. protothecoides
vigorously grew in DWSM medium (Fig. 2c¢) after 10 days of growth.
Amongst the four species analyzed, A. protothecoides showed a higher
biomass production (3.3 g/L, Fig. 2b) than C. vulgaris (1.54 g/L),
C. sorokiniana (2.1 g/L) and C. saccharophila (1.5 g/L) (Fig. 2d). Thus,
A. protothecoides was the algal species showing the highest biomass
production in dairy waste-based media.

In order to make the entire process less laborious in perspective of a
large-scale application, the growth of C. reinhardtii and A. protothecoides
in DW, i.e., DWSM without SM supplementation, was investigated. The
microalgae were grown in different medium combinations, namely DW
(13% D1 + 87% D2), SM medium (i.e., only basal salt mixtures) and
DWSM (13% D1 + 87% D2 + SM) as positive control. As shown in
Fig. 3a-b, DWSM was the only medium capable of supporting a robust
growth for both microalgal species, thus indicating a synergistic effect
between SM salts and the nutrients from dairy wastes. After 10 days of
growth, the biomass yield from the DWSM medium was 2.9 g/L and 1.7
g/L for A. protothecoides and C. reinhardtii, respectively (Fig. 3c),
whereas the absence of SM led to a drastic reduction in biomass pro-
duction in both species, i.e., 0.5 g/L and 0.6 g/L for A. protothecoides and
C. reinhardtii, respectively. The biomass production was further reduced
when both microalgae were grown in the SM medium; i.e., 0.07 g/L and
0.1 g/L for A. protothecoides and C. reinhardtii, respectively. The
decreased growth was likely due to an increase of microbial contami-
nants at the expense of microalgae, since SM medium did not contain
any carbon source except for the newly formed microalgal biomass. In
fact, the microalgal cultivation in SM medium was carried on in a non-
axenic photo-autotrophic condition, and even if the mild heat treatment
was effective in limiting the microbial contamination, the media were
not sterile. In this regard, monitoring of all cultivations was extended up
to 10 days in order to exclude the possibility of algal bleaching due to the
stress conditions from prolonged non-axenic culturing (Loera-Quezada
et al., 2016) (Fig. 3a-b).

In order to evaluate if culturing microalgae in dairy-waste media
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Fig. 2. Mixotrophic growth of C. reinhardtii and four different Chlorella species using dairy waste-based media. (a) Growth of WT C. reinhardtii and double transgenic
BG-PTXD strains in D1SM (13% D1 + SM salts) and DWSM (13% D1 + 87% D2 + SM salts). #, pG-PTXD was grown in Phi-supplemented growth media (see Section

2.1 for details). Growth was performed at 200 pmol photons m 25!

and air supplementation using 2.5 x 10° cell mL !

as starting inoculum. (b) Biomass production

from the same cultures described in (a). Values are means of 2 replicates + SD. (c) C. vulgaris, C. sorokiniana, C. saccharophila and A. protothecoides were grown in
DWSM at 200 pmol photons m~2 s~ and air supplementation using 2.5 x 10° cell mL~! as starting inoculum. (d) Biomass production from the same cultures
described in (c). Ap, A. protothecoides; Csa, C. saccharophila; Cso, C. sorokiniana; Cr, C. reinhardtii; Cv, C. vulgaris. Values are means of 2 replicates + SD. Asterisk
indicates statistically significant difference according to Student’s t-test (* P < 0.05).

under axenic condition could further improve the algal productivity,
A. protothecoides was grown in sterilized DWSM (Supplementary Mate-
rial). Sterilization of DWSM was carried out by using two different
methods, i.e., UV-radiation and autoclave-sterilization. The cultivation
of A. protothecoides in UV- and autoclave-treated DWSM showed more
stunted and delayed growth, respectively, compared to that in the heat
treated medium (Supplementary Material). The different growth may be
ascribed to inefficient sterilization (UV-radiation) or to the alteration of
certain compounds in the medium (autoclave-sterilization). Probably,
UV-radiation could not efficiently sterilize dairy wastes due to the
marked opalescence of such media that may hinder an optimal diffusion
of UV rays in the medium. Moreover, it is worth noting that the use of
autoclave to sterilize DWSM is not economically sustainable in a large-
scale production process due to the high operating costs of the pro-
cess. Therefore, the mild heat treatment represented the best compro-
mise as it allowed a robust algal growth in a shorter cultivation time
inside the photobioreactor.

3.3. Lipid accumulation in dairy waste grown microalgae

The determination of lipid yield in the algal biomass is a crucial
parameter to determine their potential application for biodiesel pro-
duction. C. vulgaris, C. sorokiniana, C. saccharophila and A. protothecoides
showed a lipid content of 15.6%, 20.7%, 14.2% and 18.5% dry weight,
respectively (Fig. 3d), with A. protothecoides displaying the highest lipid
production (592.6 mg/L) when compared to that of the other algal
species (238.5, 443.4 and 212.8 mg/L for C. vulgaris, C. sorokiniana and
C. saccharophila, respectively). The maximum lipid content of
A. protothecoides spanned from 5.1% to 10.6% to 18.5% of dry biomass
in SM, DW and DWSM respectively, with a corresponding maximum
lipid production of 3.6, 53.2 and 592.6 mg/L (Fig. 3d).

The lipid content and lipid production were 12% of dry biomass and
204.3 mg/L for DWSM-grown C. reinhardtii. In accordance with that
observed for A. protothecoides, the lipid content of C. reinhardtii
decreased to 9.5% and 4.4% in SM and DW medium, respectively,
whereas the lipid production was 57.1 and 5 mg/L.

Considering the maximum biomass productivity (0.85 g/L/d) and
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Fig. 3. Mixotrophic growth of A. protothecoides and C. reinhardtii in dairy waste-based media for the production of lipids. Growth of (a) A. protothecoides and (b)
C. reinhardtii in only SM salts, DW (13% D1 + 87% D2) and DWSM (13% D1 + 87% D2 + SM salts) at 200 pmol photons m~2 s~! and air supplementation using 2.5 x

10° cell mL™?

as starting inoculum. (c) Biomass production from the same cultures described in (a) and (b). (d) Total lipids from the microalgae cultures shown in (a),

(b) and (Fig. 2¢), as determined by SPV colorimetric assay. Ap, A. protothecoides; Csa, C. saccharophila; Cso, C. sorokiniana; Cr, C. reinhardtii; Cv, C. vulgaris. Values are

means of 3 replicates + SD.

lipid content (18.5%) obtained for A. protothecoides, a maximum lipid
productivity of 0.16 g/L/d was achieved. Interestingly, the lipid content
in the algal cells was positively related to the biomass production in each
growth experiments (Figs. 2d, 3c-d), and lipid accumulation in Chlorella
species was observed without the necessity of inducing specific stress
conditions such as Nitrogen starvation (Dall’Osto et al., 2019), thus
making the process less laborious and expensive. According to this
experimental set-up, lipids were accumulated by microalgae in a
straightforward manner, thus reducing the steps (and costs) required for
their production.

3.4. Use of dairy wastes for the production of recombinant p-glucosidase

The expression of the thermostable B-glucosidase in the fG-PTXD
strain upon growth in DWSM at 200 pmol m~2 s~! was investigated by
immuno-blot analysis and activity assay (Fig. 4a-b). In the algal extract
of BG-PTXD strain, a protein band of the expected molecular weight
(~58 kDa) was clearly detected (Fig. 4a). It is worth noting that the
amount of p-glucosidase detected in the fG-PTXD extract was almost
comparable to that obtained from a culture of PG-PTXD cells grown in
TAP medium at 50 pmol m 2 s~ under air supplementation and axenic
condition (Fig. 4b). This fact was in part unexpected since the chloro-
plast expression of pG is regulated by the endogenous promoter PpsaA (i.

e., the promoter of the PSI A subunit-encoding gene) and therefore is
subjected to the host regulation. Light intensity as high as 200 pmol
photons m~2 s~ repressed the transcription of psaA and decreased the
stability of the corresponding mRNA (Benedetti et al., 2020). In DWSM
medium, the net light inside the culture was probably reduced due to the
medium opalescence. Activity assays were then performed to evaluate
B-glucosidase and p-galactosidase activity of recombinant BG. Extracts
from BG-PTXD cultures grown in DWSM medium showed a specific ac-
tivity towards the chromogenic substrates pNPGlc and pNPGal (25.5 and
22.6 U/g dry weight, respectively) almost comparable than that con-
tained in the extract from TAP-grown cultures (32.9 and 28.4 U/g dry
weight, respectively). These data demonstrate that DWSM can be used to
efficiently grow recombinant C. reinhardtii G-PTXD strain and that an
active enzyme can be obtained from the harvested biomass. p-glucosi-
dases are widely used in several industrial applications such as biofuel,
food and feed processing, bakery, textile, cellulose pulping and paper
industry as well as in the production of dietary supplements and
nutraceuticals (Giovannoni et al., 2020). Due to the broad substrate
specificity, f-glucosidases may be also used for removing p-Lactose from
dairy products as well as to degrade cellobiose into p-Glucose for bio-
ethanol production from lignocellulosic biomass. In order to evaluate a
possible application in the same dairy industry, p-Lactose and p-Glucose
were quantified in D1 medium upon treatment with extract from WT
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Fig. 4. Production of recombinant p-glucosidase from C. reinhardtii pG-PTXD using dairy waste-based media as growth medium. (a) Immunoblot and (b) activity
assays of algal extracts from WT and pG-PTXD cultures grown in TAP or DWSM* medium. Growth was performed at 200 pmol photons m~2 s~ under air sup-
plementation. AbHA and pNPGlc/pNPGal were used for immunoblot and activity assays, respectively. Activity is expressed as Units per gram microalga biomass. 1
Units is defined as the amount of enzyme necessary to release 1 pmol of substrate per minute. *, 1.2 mM Pi was replaced with 4 mM Phi. 2.5 x 10° cells mL~! was
used as starting inoculum. (c) Determination of p-Lactose and p-glucose in 1 L of D1 upon 12 h-treatment with extracts obtained from 6 g (dry weight) of wild type

C. reinhardtii (WT) and recombinant BG-PTXD (BG) biomass.

and BG-PTXD microalgae. As shown in Fig. 4c, 1 g of p-Lactose was
hydrolyzed using the algal extract obtained from 6 g of PG-PTXD
biomass upon 12 h-treatment; the conversion of p-Lactose into the
constituting monosaccharides was also confirmed by the release of 0.46
g p-Glucose upon the enzymatic treatment, in accordance with the
stoichiometry of the reaction (Fig. 4c).

The maximum biomass productivity of DWSM-grown C. reinhardtii
was about 0.5 g/L/d. Considering that the production of G from the pG-
PTXD strain is about 0.35 mg/g dry weight (Benedetti et al., 2020), an
enzyme productivity of about 0.18 mg/L/d was achieved. Further
optimization is still required to improve the protein yield of pG from
transplastomic microalgae (Benedetti et al., 2020). The algal-based
biofactories here described has the advantage to combine the recy-
cling of dairy wastes with the production of recombinant enzymes with
potential use in other industrial fields. Moreover, the residual biomass
after enzyme extraction can be further processed into livestock feed,
organic fertilizer and bio-stimulants, or used for biogas production
(Benedetti et al., 2018).

3.5. Remediation of dairy wastes by C. reinhardtii and A. protothecoides

The pollution load of untreated D1 and D2 largely exceeded the
Italian legal limits for their direct discharge in the municipal sewage
system (Table 2). The efficacy of the algal-based remediation in
decreasing the amounts of the vary contaminating substances from dairy
wastes was evaluated. The values of COD, p-Lactose, Chloride, Phos-
phorous, total Nitrogen and protein Nitrogen of both DWSM and DW
were measured before and after the algal growth (Fig. 5).

The levels of COD, p-Lactose, Phosphorous, total Nitrogen and pro-
tein Nitrogen in DWSM were reduced upon C. reinhardtii growth by 76%,
84%, 87%, 65%, 65% respectively. Similarly, a significant reduction in
COD (~65%), p-Lactose (~84%), Phosphorous (~77%), total Nitrogen
(~43%) and protein Nitrogen (~43%) content was observed in the
exhausted DWSM upon A. protothecoides growth while both algal species
were unable to reduce the Chloride level since its concentration
remained almost similar to that measured in the untreated DWSM me-
dium (Fig. 5). Surprisingly, a similar (or even higher) extent of reduction
was observed in the exhausted DW medium for both algal cultures
despite the algal biomass production was significantly lower in DW than
in DWSM medium. The reduction obtained after A. protothecoides
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Fig. 5. Nutrient and salt removal from dairy waste-based growth medium by C. reinhardtii and A. prototechoides. Amounts of (a) COD, (b) p-Lactose, (c) Chloride, (d)
Phosphorous, (e) total Nitrogen and (f) protein Nitrogen in the same cultures shown in (Fig. 3a-b) and in the corresponding untreated media (TO) expressed both as
absolute values and percentage of reduction (top of the bar). Different letters above bars indicate statistically significant differences according to one-way ANOVA
and Tukey test (P < 0.05). Ap, A. protothecoides; Cr, C. reinhardtii. Values are a mean of three biological replicates + SD.

growth was significantly lower in DWSM compared to DW only in the
case of total Nitrogen (43% vs 69%) and protein Nitrogen (43% vs 69%),
suggesting that a robust growth of such microalga species may interfere
with the removal of certain pollutants. These results, together with the
observation that the biomass production of both microalgal species was
not positively related to the reduction of pollution load (Fig. 3a-c),
suggested that the “endogenous” microbial communities strongly
contributed to the reduction of organic pollutants. Indeed, despite the
mild heat treatment, the dairy waste-based media were not completely
devoid of microbial contaminants. The disappearance of p-Lactose in
such dairy wastes is a direct proof that contaminating microbes are the
main responsible for the reduction of the pollution load; it is worth
noting that p-Lactose concentration affects both COD and BOD values.
Previous studies using dairy wastes for culturing different Chlorella
species indicated their inability to assimilate p-Lactose (Abreu et al.,
2012; Espinosa-Gonzalez et al., 2014). The ability of C. vulgaris to
assimilate p-Lactose was also evaluated by carrying out a mixotrophic
growth using both the monosaccharides constituting p-Lactose (i.e., -
Glucose and D-Galactose) and sole p-Lactose as carbon source (Supple-
mentary Material). The growth curves suggested that C. vulgaris is

unable to metabolize p-Lactose whereas it showed comparable assimi-
lation rate of p-Glucose and D-Galactose (Supplementary Material).
Accordingly, an increased yield in biomass of about 3-fold was observed
in the presence of p-Glucose and D-Galactose compared to that observed
with p-Lactose supplementation and pure photoautotrophic growth,
clearly indicating that p-Lactose is not metabolized by C. vulgaris (Sup-
plementary Material). In accordance with the previous results (Fig. 3d),
the lipid content increased together with the biomass production in
C. vulgaris (Supplementary Material). Notably, the maximum lipid pro-
duction of A. protothecoides grown in DWSM (0.59 g/L) (Fig. 3d) was
comparable to that obtained by C. vulgaris grown in 0.5% bp-Glucose
under axenic condition (0.59 g/L) (Supplementary Material), indicating
that the lipid production in dairy waste-based medium was highly effi-
cient. The beneficial role of DWSM in promoting algal growth may be
ascribed to the presence of other nutrients rather than p-Lactose such as
Phosphorous, Nitrogen, minerals, lipids and proteins (Table 2). The
inability to assimilate p-Lactose was observed for all the algal species
tested, i.e., C. sorokiniana, C. saccharophila, A. protothecoides and
C. reinhardtii (Supplementary Material), the latter species being also
unable to assimilate p-Glucose and D-Galactose (data not shown).
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Nonetheless, the cocultivation between microalgae and microbes in
DWSM medium allowed the production of valuable algal biomass and
useful metabolites on one side, by concomitantly lowering the pollution
load of the dairy wastes on the other (Fig. 5). To further confirm the role
of co-cultivating microbes and microalgae using dairy wastes, the
growth of A. protothecoides was evaluated under non-axenic condition by
using an antibiotic to hinder the microbial growth. In accordance with
the previous result, the disappearance of p-Lactose was not observed
when the algal growth was performed in presence of ampicillin at 200
pg/mL (Supplementary Material). Several studies reported that bacteria
and fungi are effective agents in bioremediation highlighting the ad-
vantages of using microalgal consortia over single-species cultures
(Gonzélez-Fernandez et al., 2011; He et al., 2013; Munoz and Guieysse,
2006). These results demonstrate that dairy wastes can be used for
sustaining a robust algal growth and the production of algal-based me-
tabolites, with a substantial reduction in their pollution load, the latter
dependent on the cocultivation between microalgae and microbes rather
than only microalgae.
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3.6. Economic aspects of the recycling of dairy wastes using wild-type and
transgenic microalgae

In this section, the economic evaluation of the microalgal-based
dairy effluent treatment plant is summarized. Approximately 50.000 L
D1 are produced daily by Azienda Casearia Capurso. By reverse osmosis
treatment, “concentrate” D1 and “permeate” D2 are obtained from
skimmed D1. The disposal of D1 is expensive and D2 requires additional
treatments before its discharge in the municipal sewage system, there-
fore the management of these wastes is crucial for the economic and
environmental sustainability of the dairy plant. In lab-scale experiment,
the cultivation of A. protothecoides and C. reinhardtii in DWSM combined
the dairy wastewater remediation with the production of valuable algal
biomass and high added-value compounds. In order to test the effec-
tiveness of the cultivation model here proposed, its scale up from pilot-
to large-scale will be mandatory.

In the proposed model (Fig. 6), D1 is diluted using D2 in a ratio of
13:87 (v/v) with the addition of the salt mixture, i.e., SM, to obtain
DWSM. The optimized medium is heated at 85 °C using a heated stirred
reactor and then cooled to ambient temperature by refrigerated water.
Once cooled, the medium is mixed in-line with the microalgal inoculum
(2.5 x 10° cell/mL) and transferred to a tubular photobioreactor system
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In the proposed model, D1 and D2, once supplemented with SM, are used for the cultivation of microalgae in order to combine the production of lipids (from
A. protothecoides) and recombinant p-glucosidase (from transgenic C. reinhardtii) with that of valuable biomass. Then, the exhausted growth medium can be subjected

to minimal wastewater treatment before effluent discharge.
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(PBR) according to the PBR-design proposed in Tredici et al., 2016
(Green Wall Panel, GWP®). The algal cultivation in PBR required air
supplementation and a light intensity of 200 pmol photons m~2 s~ 1.

Every four days, half of the total culture volume is harvested and
transferred into a storage tank, from which the algal biomass is sepa-
rated from the liquid by a plate and frame filter. Fresh and heat-treated
DWSM medium is pumped into the photobioreactors in order to restore
the starting volume of the PBR-system. The exhausted DWSM medium, i.
e., treated wastewater, will be discharged into the city wastewater
treatment plant with minor treatment requirements. The algal biomass
obtained from PBRs can be used for the extraction of biomolecules of
commercial interest (i.e., lipids and p-glucosidase) while the residual
biomass upon extraction can be sold for other purposes including the
production of biogas (Jankowska et al., 2017). Alternatively, D1 (13%
v/v) could be used for the cultivation of the recombinant strain pG-PTXD
by exploiting Phi to restrict the microbial contamination, since Phi-
supplemented media showed the same effect of D2-diluted media in
limiting the microbial contamination. This may represent an additional
economic saving for the company, overcoming the requirement of
reverse osmosis process and the cost from concentrated D1 transport.
Furthermore, using only D1, the starting Chloride level would be below
the legal limits for the discharge in the municipal sewage system.
However, the use of fresh-water is required to dilute D1 as well as
further analyses are necessary to determine the polluting load in the
exhausted Phi-supplemented media. An economic analysis on the bio-
molecules produced in accordance with the proposed model must take
into account at least the cost of growth media, mainly represented by the
cost of salts supplementation to DW (Table 1).

By scaling-up the culture to 100.000 L. DWSM, a lipid and biomass
productivity of 0.16 g/L/d and 0.85 g/L/d, respectively, may result in a
daily production of 16 kg lipids and 85 kg algal biomass by
A. protothecoides. Moreover, considering the best-case scenario in which
(i) the conversion efficiency of lipids into biodiesel is higher than 99.5%
(Topf et al., 2014) and (ii) the production cost of PBR-grown microalgae
is 3.8 €/kg (Tredici et al., 2016), 1 t of biodiesel can be obtained from
A. protothecoides in 62.5 days at a production cost of 20.187,5 €.
Considering that the current selling price of biodiesel is 693 €/t (www.
neste.com/corporate-info/investors/market-data/biodiesel-prices-sme
-fame), lipid production alone cannot justify the economic benefit of
culturing microalgae using dairy wastes. However, the main financial
income is represented by the sale of algal biomass; considering a cheap
market value of 5 to 10 €/kg algal biomass, the algal biomass accumu-
lated over 62.5 days of growth (i.e., 5.312 kg) can be sold from 26.562 to
53.125 €, with a net profit of 6375 to 32.937,5 €.

On the other hand, a 100.000 L culture of pG-PTXD can produce
about 18 g enzyme/d. A recombinant p-glucosidase from E. coli as ob-
tained by high cell density fermentation has a production cost of ~280
€/kg whereas the enzyme productivity from E.coli-based biofactory is
2.41 g/L/d (da G. Ferreira et al., 2018). Considering (i) the enzyme
productivity from the C. reinhardtii-based biofactory (0.18 mg/L/d), the
biomass productivity (0.5 g/L/d) and the production cost of microalgae
(i.e., 3.8 €/kg; Tredici et al., 2016), the same category of enzyme can be
obtained from transplastomic C. reinhardtii in 55.5 days at a production
cost of 10.545 €/kg. This result clearly shows the heterologous expres-
sion of recombinant proteins in C. reinhardtii urgently requires further
optimization in order to be competitive with the current enzyme-
biofactories. However, in the case of C. reinhardtii as a biofactory to
produce recombinant enzymes, biocontainment strategies would be
necessary to restrict its dispersion in the environment. Some technolo-
gies that could be combined with the recombinant Chlamydomonas is
the “free-DNA” CRISPR-Cas9 technology, developed by Baek et al.,
2016, that can be used to generate auxotrophic strains to ensure
confinement in PBRs (Benedetti et al., 2020). Moreover, horizontal gene
transfer of chloroplast transgenes to other microbes can be avoided by a
codon reassignment-based strategy (Young and Purton, 2016). As
observed for A. protothecoides, the algal biomass of C. reinhardtii
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accumulated over 55.5 days of growth (i.e., 2775 kg) to produce 1 kg of
pB-glucosidase can be sold from 13.875 to 27.750 €, with a net profit of
3330 to 17.205 €.

In summary, the results obtained provided a proof of concept of the
whole supply chain, from the development of optimal medium for the
algal growth and the selection of the algal species to their application for
the production of high-value compounds. Advantages and limits of each
step were highlighted, indicating the path to further improve the eco-
nomic feasibility of microalgae-based production of biomolecules of
industrial interest. Major profits for the dairy company could be repre-
sented by (i) the sale of algal biomass, that might be employed for
various applications including the production of animal feed, bio-
stimulants and dietary supplements (Benedetti et al., 2018) and (ii)
the economic saving from the reduction of severe treatments necessary
to clean the dairy wastes; however, the latter aspect would require a
very high capacity algal cultivation system to be really effective.

4. Conclusions

The potential of different microalgae for dairy wastewater remedi-
ation and production of lipids and/or recombinant enzymes was
explored. A. protothecoides proved to be a good candidate for biodiesel
production, with highest biomass (3.3 g/L) and lipid (592 mg/L) yield.
Cocultivation of microalgae and microbes reduced the pollution load in
dairy wastes, decreasing Nitrogen and Phosphorous levels below
wastewater discharge limits and significantly reducing COD and protein
Nitrogen. Production of a thermostable B-glucosidase by transplastomic
C. reinhardtii grown in dairy wastes revealed the potential for a sus-
tainable biorefinery model combining waste remediation with the pro-
duction of recombinant enzymes by microalgae.
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