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Abstract
Microalgae present unexplored biotechnological potential and the ability to use different carbon sources in mixotrophic cultiva-
tion. Considering the need for efficient and low-cost industrial processes, the aim of this work was to evaluate the ability of
microalgae and cyanobacteria to produce intra- and extracellular β-galactosidase. Eight species of Chlorophyta and Cyanophyta
were cultivated in mixotrophic conditions with lactose as a carbon source. Dunaliella tertiolecta, Chlorella minutissima, and
Nannochloropsis oculata were able to grow under mixotrophic conditions showing biomass production and growth rates higher
than those of photoautotrophic cultures. β-Galactosidase extracellular production was 33.5 U L−1 on the 11th cultivation day for
D. tertiolecta. For N. oculata and C. minutissima, the values were 29.6 and 11.02 U L−1 on the 14th and the 7th cultivation days,
respectively. This study demonstrates the ability of microalgae to hydrolyze lactose under a mixotrophic regime and to outstand-
ing great potential in the production of biomass and β-galactosidase.
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Introduction

Microalgae are a versatile and diverse group of microorganisms
inhabiting a wide range of ecological habitats, but few species
are utilized for human benefit (Odjadjare et al. 2015). The bio-
technological applications of microalgae are diverse: human and
animal nutrition, aquaculture, wastewater treatment,
biofertilizers, biofuel production, and the cosmetic and pharma-
ceutical industries. Microalgae are a source of bioactive com-
pounds such as antioxidants, antimicrobial compounds, polyun-
saturated fatty acids, pigments (chlorophyll, astaxanthin, β-

carotene, and phycocyanin), polysaccharides, and enzymes
(Pulz and Gross 2004; Satyanarayana et al. 2011; Borowitzka
2013; Pina-Pérez et al. 2017). Althoughmanymicroalgae strains
are cultivated worldwide for different purposes, only the cyano-
bacterium Arthrospira and the green microalgae Chlorella,
Dunaliella salina, and Haematococcus pluvialis are used for
industrial biomass production (Benemann et al. 2018).

Currently, photoautotrophic production is the primary meth-
od used for large-scale algae biomass production (Brennan and
Owende 2010). However, photoautotrophic growth in
photobioreactors presents limited biomass production and re-
quires long cultivation periods (Ceron Garcia et al. 2006). Due
to these limitations, in recent years in addition to photoautotro-
phic cultivation, studies have been highlighted heterotrophic
and mixotrophic culture systems for these microorganisms
(Angelo et al. 2014). In mixotrophic growth, CO2 and organic
carbon are simultaneously assimilated, and both respiratory and
photosynthetic metabolisms occur (Perez-Garcia et al. 2011).
The mixotrophic cultivation advantages are reduced irradiance
requirement, lower production costs, and greater productivity in
biomass when compared to photoautotrophic growth (Ceron
Garcia et al. 2006; Li et al. 2014). Although mixotrophic culti-
vation can be efficient, there exist some limitations. Only a
small group of species are capable of utilizing organic carbon
substrates, contamination by bacteria and fungi can occur, and
growth inhibition by the excess of organic substrate is possible
(Perez-Garcia et al. 2011; Pires 2015).
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Glucose is the most studied monosaccharide in mixotrophic
metabolism (Perez-Garcia et al. 2011). Glucose use by the gen-
era Arthrospira, Chlorella, Nannochloropsis, and Scenedesmus
has been reported (Cheirsilp and Torpee 2012; Chojnacka and
Zielińska 2012). Nevertheless, few studies reported the assim-
ilation of disaccharides such as lactose by microalgae. Some of
the species reported are Tetradesmus obliquus, Arthrospira
platensis, and Neochloris oleoabundans (Girard et al. 2014;
Vieira Salla et al. 2016). The assimilation of lactose by
microalgae requires β-galactosidase synthesis (β-D-
galactohydrolase, EC 3.2.1.23), which hydrolyzes D-galactosyl
residues from oligosaccharides.

Microalgae present an unexplored potential to synthesize
enzymes for several industrial applications (Brasil et al. 2017).
The aquatic environment presents unique characteristics such
as high salinity, low temperature, and special lighting condi-
tions, which may contribute to the significant differences be-
tween microalgae enzymes and homologous enzymes from
yeasts and bacteria (Zhang and Kim 2010).

The mainβ-galactosidase industrial application has been the
hydrolysis of lactose in milk and dairy products (Husain 2010).
The industry demands new, improved, and increasingly versa-
tile enzymes along with sustainable and economic production
processes. Therefore, this study explored the mixotrophic cul-
tivation of Chlorella minutissima, Chlorella vulgaris,
Dunaliella tertiolecta, Nannochloropsis oculata, Tetraselmis
gracilis, A. platensis, Synechococcus subsalsus, and
Scenedesmus ecornis for β-galactosidase production. The stud-
ied species include freshwater and marine microalgae along
with cyanobacteria. Some microalgae have already been stud-
ied in mixotrophic cultivation, but this is the first report on
lactose assimilation by this species. β-Galactosidase synthesis
was evaluated in extra- and intracellular conditions during the
cultivation, and two cell disruption techniques were employed.

Material and methods

Microalgae and cyanobacteria strains, medium,
and inoculum preparation

Chlorella minutissima (code 26a), Dunaliella tertiolecta (code
117), Nannochloropsis oculata (code 131), Tetraselmis gracilis
(code 72),A. platensis (code 159), and Synechococcus subsalsus
(code 164) strains were obtained from the São Paulo University
Oceanography Institute (IOUSP, Brazil, WDCM 728). The
Chlorella vulgaris (code 012) and Scenedesmus ecornis (code
088) strains were obtained from the São Carlos Federal
University (São Carlos, Brazil, WDCM 835).

The cultures of N. oculata, T. gracilis, A. platensis, and
S. subsalsus were maintained in liquid culture on artificial sea-
water enriched with f/2 nutrients (Guillard 1975). Chlorella
vulgaris and S. ecornis were maintained in Bold’s Basal

Medium (Andersen et al. 2005) and D. tertiolecta in modified
Johnson’s medium (0.4 M NaCl) (Borowitzka 1988).

Each inoculumwas grown in 500-mL flasks with 125mL of
culture in aseptic and axenic conditions under photoautotrophic
conditions at 25 °C and under a light intensity of approximately
70 μmol photons m−2 s−1 and continuous aeration at 0.5 vvm.

Culture conditions

Mixotrophic cultivation was performed with a 15:1 C:N ratio,
in accordance with the literature for mixotrophic microalgae
growth (Silaban et al. 2014). Lactose was separately sterilized
by filtration through 0.2-μm pore membranes (Millipore) and
added to the culture medium supplemented with potassium
tellurite (10 mg L−1) (Vetec, Brazil) for the cyanobateria
A. platensis and S. subsalsus (Guillard 2005) and chloram-
phenicol (10 mg L−1) (Vetec, Brazil) for green microalgae.
The initial lactose concentration was 5 ± 0.5 g L−1.

One-liter glass Erlenmeyer flasks were used for the cultivation,
with 800mL culturemedium and the initial cellular concentration
for each experiment was set at 1 × 105 cells mL−1 (day 0), using
manual cell counts on a hemocytometer. Growth vessels were
sparged with filter sterilized air (0.22 μm Sartorius, Germany) at
0.5 vvm. No additional CO2 (other than the atmospheric concen-
tration) was added.Water loss by evaporation due to aeration was
compensated by adding sterilized deionized water to maintain the
original volume. Illumination was continuously supplied by cool-
white fluorescent lamps to provide a light intensity of 70 μmol
photonsm−2 s−1. The initial pHwas set to 6.5, and the temperature
was 25 ± 0.5 °C. Cultures were grown in the conditions described
above for 14 days. Photoautotrophic cultivation, in the same con-
ditions described above without organic carbons source, was per-
formed as a control. Axenic culture conditions were confirmed
during the cultivation period by optical microscopy and by the
spread plate technique on f/2, BBM, or modified Johnson’s me-
dium added with agar (15 g L−1) and lactose (5 g L−1) (Vu et al.
2018). All experiments were performed in triplicate.

Growth parameters and pH determination

Cell concentration was measured by using an improved
Neubauer hemocytometer. The microalgae growth rate (μ,
day−1) was calculated using Eq. 1:

μ ¼ lnN1−lnN 2

t1−t2
; ð1Þ

where N1 and N2 are the cell concentrations at the begin-
ning (t1, day 0) and the end (t2, day 14) of the cultivation
period, respectively.

The biomass concentration was estimated by cell dry
weight using GF/F filters (0.7-μm pore size, Macherey-
Nagel, Germany) after sample centrifugation (1800×g for
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10 min). The cells were washed with 0.5 M ammonium bicar-
bonate solution, and the supernatant was discarded after cen-
trifugation to avoid interference from salts (Zhu and Lee
1997). Filters were dried at 60 °C to a constant weight.

The biomass yield (YX/S) [g dry cells formed)/(g substrate
consumed] was calculated as in Eq. 2.

YX=S ¼ CX−CX0

CS0−CS
ð2Þ

The product yield from lactose (YP/S) was calculated using
Eq. 3.

Y P=S ¼ CP−CP0

CS0−CS
ð3Þ

where CS is the lactose concentration, CX is the cell mass
concentration, CP is the β-galactosidase concentration
(U L−1), and CS0, CX0, and CP0 are the initial values of CS,
CX, and CP, respectively (Katoh and Yoshida 2009; Doran
2013). Biomass and product yield were calculated between
days 0 and 14. pH was monitored during microalgae cultiva-
tion using a pH meter (Lucadema, Brazil).

Microalgae cell disruption

The cells were firstly harvested by centrifugation at 1800×g
for 10 min and the supernatant was tested for extracellular
enzyme production. The biomass was washed with 1 mM or
200 mM sodium phosphate buffer (pH 6.8) and resuspended
in the same buffer. Finally, two mechanical cell disruption
techniques were evaluated separately: sonication and glass
beads.

Cell disruption

For cell disruption using glass beads, 1.5 mL of microalgae
cell suspension was vortexed with glass beads (1-mm diame-
ter, 0.6 g of beads mL−1) in Falcon tubes for 5 min with
cooling in an ice bath for 3 cycles.

The cell suspensions (50 mL) were sonicated using an ul-
trasonic processor (400 W, 20 kHz, UIP 500hdT, Hielscher,
Germany) for 30 s with 30s cooling periods for 15 cycles. The
samples were kept in an ice bath during the ultrasonic process,
and the temperature was maintained below 15 °C.

The disrupted microalgae suspension was centrifuged
(1800×g for 10 min) and enzyme activity was assayed from
the obtained cell-free extract.

Cell disruption degree determination

After mechanical cell disruption, the cell suspensions were
sampled for observation in an optical microscope (Olympus
CX22, Japan). The intact cell count of each sample was

determined with a standard Neubauer hemocytometer. Only
undamaged cells were counted as intact. The disruption de-
gree was calculated using Eq. 4.

D ¼ C0−C
C0

ð4Þ

where C0 and C are the intact cell counts (cells mL−1) of the
sample before and after disruption, respectively (Wang et al.
2015).

Morphological observation

The microalgae cell samples after and before mechanical dis-
ruption were prepared by fixation with 2.5% (v/v) glutaralde-
hyde in phosphate buffer (pH 7.5) for 1 h. After fixation,
500 μL was filtered through a polycarbonate membrane
(Nucleopore, 1 μm, Whatman), washed with 100 mM
pH 7.5 phosphate buffer 3 times and dehydrated successively
with phosphate buffer containing 30, 50, 75, and 95% (v/v)
ethanol for 3–5 min and finally with anhydrous ethanol for
5 min. After preparation, the samples were critical point
dryed, gold coated, and observed with a scanning electron
microscope (TESCAN VEGA3) at the Center for Electron
Microscopy of the Federal University of Paraná (CME-
UFPR, Curitiba, PR, Brazil) (Wang et al. 2015)

β-Galactosidase assay

The β-galactosidase activity was measured according to the
method of the Food Chemical Codex (Specifications 1981)
with modifications. o-Nitrophenyl β-D-galactopyranoside
(ONPG, Sigma-Aldrich, Germany) was used as a synthetic
substrate for the β-galactosidase assay. The activity was mea-
sured by ONPG hydrolysis in concentrations of 13, 40, and
82 mM, prepared in 1, 100, and 200 mM sodium phosphate
buffer. The pH of the buffers was adjusted according to the
cell-free supernatant pH (enzyme extract). Next, 0.5 mL of
enzyme extract was incubated with ONPG substrate
(2.5 mL) at 30 °C for 15 min. The reaction was stopped by
adding 1 mL of 0.1 M of sodium carbonate solution. The
absorbance at 420 nm was recorded. Enzymatic activity was
calculated based on the release of different o-nitrophenol
(ONP) concentrations based on a standard curve. The enzy-
matic activity unit (UONP) was defined as the rate of ONP
released (μmol ONP min−1) under assay conditions. The pro-
cedure was performed in triplicate.

Carbohydrate concentration in culture media
determination

Glucose, galactose, and lactose concentrations in culture media
were determined by high-performance liquid chromatography
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(HPLC) using a Shodex KS-801 column in an Agilent 1260
Infinity equipped with refractive index detector (G1362A
RID). The system used ultra-pure water as eluent at an isocratic
flow rate of 1.0mLmin−1. The injection volumewas 50μL at a
column temperature of 82 °C and a running time of 16 min.
Sugars were identified by retention time and were quantified by
peak area.

Statistical analysis

Data are presented as the mean ± standard deviation. The data
were subjected to Anderson-Darling and Levene tests to ana-
lyze the adjustment of residuals to the normal distribution and
homogeneity of variances. Statistical significances were
assessed by one-way analysis of variance (ANOVA) and the
mean values were compared with Tukey’s test using
Microsoft Excel software (version 2016). A p value of less
than 0.05 was considered as statistically significant.

Results

Microalgae strain screening

The results of microalgae screening on mixotrophic cultiva-
tion showed that A. platensis and S. ecornis strains suffered
permanent cell damage, with 70% cell death occurring after
3 days. Tetraselmis gracilis, S. subsalsus, and C. vulgaris
showed a slight increase in cell concentration, reaching 8 ×
105 cells mL−1 after 14 days of cultivation. Cells grown auto-
trophically reached higher cell density (2 × 106 to 8 × 106 cells
mL−1) compared to cells grown mixotrophically. The results
demonstrated that A. platensis, S. ecornis, T. gracilis,
S. subsalsus, and C. vulgaris did not grow in mixotrophic
conditions using lactose as a carbon source.

Chlorella minutissima, D. tertiolecta, and N. oculata
showed cell growth under mixotrophic cultivation that was
statistically higher (p < 0.05) than that under photoautotrophic
cultivation (Fig. 1). Nannochloropsis oculata presented a cell
concentration of 7.44 × 107 cells mL−1 at the end of cultivation
(day 14), followed by C. minutissima at 2.18 × 107 cells mL−1

and D. tertiolecta with 1.57 × 107 cells mL−1.

Growth parameters of mixotrophic cultivation

The initial lactose concentration decreased in the medium dur-
ing the cultivation of the three studied species (Fig. 1).
Dunaliella tertiolecta showed higher lactose metabolization,
resulting in a 97.7% reduction in the initial concentration at
the end of the cultivation period. Nannochloropsis oculata
showed a 60% reduction and C. minutissima a 32.1% reduc-
tion. It was observed that glucose and galactose

concentrations remained below 0.1 g L−1 in all analyzed pe-
riods, indicating that microalgae metabolized the
monosaccharides.

Specific growth rates and final dry biomass concentrations
of D. tertiolecta, N. oculata, and C. minutissima cultivated
under photoautotrophic and mixotrophic conditions were
compared and are summarized in Table 1. The highest specific
growth rates and biomass concentrations were observed in
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mixotrophic cultivation. Furthermore, 8.57-, 3.47-, and 3.34-
fold increases in biomass production were observed when
comparing values of mixotrophic to photoautotrophic culture
for D. tertiolecta, N. oculata, and C. minutissima,
respectively.

The highest biomass yield (YX/S), based on consumed lac-
tose, was 0.59 g biomass g−1 lactose, observed for
D. tertiolecta (Table 1). The highest product yield (YP/S) was
also observed for D. tertiolecta (8.42 U g−1 lactose).

β-Galactosidase production

β-Galactosidase production was evaluated during microalgae
cultivation. The extracellular enzyme production was evaluat-
ed throughout the 14 days of cultivation and with respect to
intracellular enzyme presence on cultivation days 7, 9, 11, and
14. The highest enzymatic activity values were observed in
enzymatic reactions conducted with 82 mMONPG and phos-
phate buffer with 1 mM forC. minutissima andN. oculata and
200 mM for D. tertiolecta. Enzyme precipitation was ob-
served on C. minutissima and N. oculata when the enzymatic
reaction was conducted with 100 and 200 mM concentration
buffers.

Dunaliella tertiolecta showed higher extracellular
(p < 0.05) enzymatic act ivi ty when compared to
C. minutissima and N. oculata. The highest value found for
D. tertiolecta was 33.5 ± 0.24 U L−1 on the 11th cultivation
day. ForN. oculata and C. minutissima, the values determined
were 29.6 ± 0.49 and 11.02 ± 0.62 U L−1, respectively, on the
14th and the 7th cultivation days, respectively (Fig. 2).
Increasing pH was observed during the cultivation; for the
microalga C. minutissima, values increased from the 3rd day
of culture onward to a final pH of 10.28. The pH increases of
D. tertiolecta and N. oculata cultures were lower, reaching

final values of 7.13 and 8.35, respectively, after which peaks
of enzymatic activity were observed.

In intracellular β-galactosidase activity quantification, per-
formed after cell disruption, no significant difference was ob-
served between the results of samples disrupted by sonication
and glass beads. The results of intracellular activity (Fig. 2) are
expressed as the mean of the treatments. The highest values
found corresponded to N. oculata and C. minutissima, with
16.13 ± 2.10 and 10.14 ± 1.12 U L−1 production, respectively.

Cell disruption

Sonication presented higher efficiency of cell disruption for
the three studied species when compared to glass beads. For
D. tertiolecta, all cells were disrupted after 5 sonication oper-
ation cycles (5 min). For C. minutissima and N. oculata, 10
and 15 cycles were necessary to obtain 84.2 and 76.8% dis-
ruption, respectively (Table 1).

Sonication and glass bead microalgae cell disruption ef-
fects can be observed using scanning electron microscopy
(Figs. 3, 4, and 5). A higher proportion of completely
disrupted cells can be observed using sonication as compared
to glass beads for the three studied species, corroborating the
results shown in Table 1.

Discussion

This study explored the mixotrophic cultivation of eight
microalgae species for β-galactosidase production. Only three
species were able to use lactose and to produce β-galactosi-
dase. To date, no study has evaluated the mixotrophic growth
of C. minutissima, D. tertiolecta, and N. oculata in medium
supplemented with lactose.

Table 1 Growth parameters of D. tertiolecta, N. oculata, and C. minutissima cultivated under photoautotrophic and mixotrophic conditions and cell
efficiency disruption methods

μ (day−1) Xmáx (g L−1)a YX/S (g biomass g−1 substrate)b YP/S (U g−1 substrate)b % Cell disruption

Glass beads Ultrasonication

D. tertiolecta Mixo 0.35 ± 0.04 2.4 ± 0.1 0.59 8.42 93.4 ± 7.4 100 ± 0.0

Photo 0.21 ± 0.03 0.28 ± 0.2 - - - -

N. oculata Mixo 0.38 ± 0.05 1.46 ± 0.03 0.53 4.7 64.7 ± 7.5 76.8 ± 2.5

Photo 0.29 ± 0.1 0.42 ± 0.07 - - - -

C. minutissima Mixo 0.28 ± 0.05 1.07 ± 0.03 0.57 5.87 70.0 ± 8.9 84.2 ± 3.9

Photo 0.16 ± 0.02 0.32 ± 0.01 - - - -

Data are expressed as mean ± standard deviation (n = 3)
a Dry biomass at the end of cultivation
b Biomass and product yield based on lactose consumed

B-^ means cannot be determined
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Some microalgae species are obligate phototrophs due to
the lack of efficient uptake mechanisms of sugars into cells or
an incomplete tricarboxylic acid cycle (Chen and Chen 2006).
Girard et al. (2014) evaluated Chlorella spp. cultivation in
medium supplemented with lactose (5 g L−1) and did not
observe the growth of the species C. vulgaris or
C. protothecoides. The same result was observed by

(Ribeiro et al. 2017): C. protothecoides showed a lower bio-
mass concentration in mixotrophic condition with lactose
when compared to the medium without sugar addition.

Microalgal metabolism generally resembles quite closely
that of higher plants but has been studied to a much lesser
extent than bacteria, fungi, or plants. It is not generally possi-
ble to predict which substrates can be used by any given
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Fig. 3 SEM micrograph of
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vortex with glass beads (II) and
sonication (III) (× 8500
magnification). The images
present (A) intact cells, (B)
slightly damaged cells, and (C)
completely disrupted cells

Fig. 2 Extracellular and
intracellular β-galactosidase
production and pH changes
during mixotrophic cultivation
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microalgae (Neilson and Lewin 1974). Mixotrophic cultiva-
tion of microalgae is still minimally explored and the available
examples are limited to species such as A. platensis,
T. obliquus, Chorella spp., and Chlamydomonas reinhardtii
(Heredia-Arroyo et al. 2011). Studies reported the growth of
T. obliquus, C. vulgaris, and A. platensis in dairy waste
(Abreu et al. 2012; Girard et al. 2014; Vieira Salla et al.
2016) as an alternative to microalgae biomass production
and the waste treatments of the dairy products industry.
Abreu et al. (2012) reported the mixotrophic cultivation of
C. vulgaris using industrial dairy waste. The most successful
results were obtained using hydrolyzed cheese whey (5 g L−1

of galactose and glucose) as opposed to the nonhydrolyzed
form (10 g L−1 of lactose).

One of the advantages of mixotrophic cultivation is the
enhanced biomass production. The results found in this study
are in agreement with those of Cheirsilp and Torpee (2012)
who found that freshwaterChlorella sp., marineChlorella sp.,
and Nannochloropsis sp. growth under mixotrophic condition
supplemented with glucose (2 g L−1) enhanced biomass con-
centration compared to the photoautotrophic growth.

Few studies have investigated the mixotrophic cultivation of
D. tertiolecta, N. oculata, and C. minutissima.Velu et al. (2015)
using D. tertiolecta and lactose (10 g L−1) as a carbon source
observed no difference in the maximum growth rate in
mixotrophic (μ = 0.23 day−1) and photoautotrophic (μ =
0.25 day−1) cultivation. The values ofD. tertiolecta dry biomass
found in the study were higher when compared to the
mixotrophic culture supplemented with glucose. Rizwan et al.
(2014) reported thatD. tertiolecta presented biomass productiv-
ity of 1.7 g dry biomass L−1 inmixotrophic cultivation using low
glucose concentration (1 and 5% w/w). Li et al. (2014) cultured
C. sorokinianamixotrophically with supplementation of 4 g L−1

glucose and reported a biomass yield of 0.82 g biomass g−1

glucose and a 3.5 g L−1 dry biomass production.
The mechanism of disaccharide utilization in green algae

remains unknown. The monosaccharides might be generated
through hydrolysis of disaccharides by a specific enzyme, or
the disaccharides are directly transported across the plasma-
lemma by disaccharide carrier (Zhang et al. 2014). The syn-
thesis of β-galactosidase by microalgae is necessary for lac-
tose hydrolysis. This enzyme hydrolyzes D-galactosyl resi-
dues into glucose and galactose, resulting in a necessary inter-
nalization of the glucose and galactose molecules (Girard et al.
2014). The transport of hexoses and pentoses into the cytosol
relies on a monosaccharide/H+ symport system. In Chlorella
kessleri, three H+/hexose cotransporter genes (HUP1, HUP2,
and HUP3) have been identified, displaying different affinities
for glucose and galactose (Stadler et al. 1995; Gao et al. 2014).

Although the microalgal β-galactosidase activity results
are lower when compared to those of yeasts and bacteria
(Dagbagli and Goksungur 2008; Carević et al. 2015), this is
the first study evaluating β-galactosidase production by

D. tertiolecta, N. oculata, and C. minutissima in mixotrophic
medium. β-Galactosidase was produced in medium contain-
ing NaCl (400 mM) and under alkaline and neutral pH condi-
tions, presenting different characteristics from enzymes pro-
duced by bacteria and yeasts. β-Galactosidases with neutral
pH optima show industrial application for the hydrolysis of
lactose in milk and sweet whey (Panesar et al. 2010). Bentahar
et al. (2018) reported β-galactosidase synthesis by T. obliquus
using lactose as a carbon source, and the optimum production
(86.45 U L−1) was recored after 7 days.

Microalgae have several advantages when compared to
other microbial cells in industrial enzyme synthesis due to
their cost-reducing minimal nutritional requirements (natural
or artificial light, CO2, water, nitrogen source, and some salts)
(Brasil et al. 2017).

The cell disruption techniques employed exhibited higher
efficiency forD. tertiolecta. Microalgae present different sizes
and cell wall structures, factors that significantly influence the
lysis rates of cells. Dunaliella tertiolecta cell size varies from
5 to 18 μm in length and from 3 to 13 μm in width and shows
the lack of a rigid cell wall as a genus characteristic
(Borowitzka and Siva 2007). For N. oculata, cell disruption
is hampered by small cell size (2–5 μm) (Fig. 3(I)) and cell
wall composition (Shene et al. 2015). Its cell walls are com-
posed of a cellulosic inner wall that is protected by an outer
hydrophobic layer of algaenan, which confers resistance to
cell disruption (Sukarni et al. 2014; Montalescot et al. 2015).

The results reported in the literature on microalgae disrupting
sonication efficiency are quite divergent. Previous studies report-
ed by Zheng et al. (2011) and Safi et al. (2014) showed lower
efficiency using sonication for C. vulgaris when compared to
manual disruption with quartz sand and high-pressure homoge-
nization. Similar results were obtained byMcMillan et al. (2013)
when comparing different cell disruption methods for
N. oculata, with 67.7% efficiency observed by using ultrasound.

Conclusion

Mixotrophic cultivation of D. tertiolecta, C. minutissima, and
N. oculata presented biomass production and growth rates higher
than those of photoautotrophic cultures. A 97.7% reduction in
lactose concentration was observed for D. tertiolecta, 60% for
N. oculata, and 32.1% forC.minutissima.Galactose and glucose
metabolization by microalgae in culture medium was also ob-
served.β-Galactosidase extracellular production was 33.5 U L−1

on the 11th cultivation day forD. tertiolecta. For N. oculata and
C. minutissima, values were 29.6 and 11.02 U L−1 on the 14th
and the 7th cultivation days, respectively. Even though enzyme
activity values were low, mixotrophic microalgae cultivation
demonstrated excellent biotechnological potential for contribut-
ing to biomass and biomolecule production and for the enhanced
utilization of dairy products’ industry coproducts.
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