£

and Public Health

International Journal of
Environmental Research

Article

Cultivation of the Acidophilic Microalgae Galdieria phlegrea
with Wastewater: Process Yields

Maria Rosa di Cicco I'*

check for

updates
Citation: di Cicco, M.R.; Palmieri,
M.; Altieri, S.; Ciniglia, C.; Lubritto, C.
Cultivation of the Acidophilic
Microalgae Galdieria phlegrea with
Wastewater: Process Yields. Int. ].
Environ. Res. Public Health 2021, 18,
2291. https://doi.org/10.3390/
fjerph18052291

Academic Editor: Changsoo Lee

Received: 20 January 2021
Accepted: 22 February 2021
Published: 26 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Maria Palmieri !, Simona Altieri 1, Claudia Ciniglia 1

and Carmine Lubritto 12

Department of Environmental, Biological and Pharmaceutical Sciences and Technologies,
University of Campania “Luigi Vanvitelli”, Via Vivaldi 43, 81100 Caserta, Italy;
maria.palmieri@unicampania.it (M.P.); simona.altieri@unicampania.it (S.A.);
claudia.ciniglia@unicampania.it (C.C.); carmine.lubritto@unicampania.it (C.L.)

2 INFN—Sezione di Napoli, Complesso Universitario di Monte S, 80126 Napoli, Italy
Correspondence: mariarosa.dicicco@unicampania.it

Abstract: Algal based wastewater treatment offers the opportunity to recover, in the form of biomass,
the nutrients and internal chemical energy of wastewater. Recently, there has been a growing interest
in the use of extremophilic microalgae, as they can easily adapt to difficult and often pollutant-rich
environments. The thermo-acidophilic microalga Galdieria phlegrea is a species of recent discovery
and great metabolic versatility, but it has still been poorly studied. Here, G. phlegrea was cultivated
using raw municipal wastewater in 1 L Erlenmeyer flasks with 700 mL working volume at 37 °C for
up to nine days. During the cultivation phase, biomass growth, phycocyanin content, ammonium
and phosphate removal from the wastewater, lipid fraction, total carbon and nitrogen in the biomass,
and variation in §'3C and §'°N isotopic ratios (a novel analytical contribution in these experiments)
were monitored. Results indicated that G. phlegrea was able to grow in raw effluent, where it removed
more than 50% ammonium and 20% phosphate in 24 h; total lipid content was in the range of 11-22%,
while average C-N content was of 45% and 6%, respectively; isotopic analyses proved to be a useful
support in identifying C and N metabolic pathways from effluent to biomass. Overall, G. phlegrea
showed consistent performance with similar Cyanidiophyceae and is a potentially viable candidate for

municipal wastewater valorization from a circular economy perspective.

Keywords: bioremediation; Galdieria; biomass yield; isotopic ratio; lipid; nutrient removal; urban
wastewater

1. Introduction

Urban wastewaters are mainly rich in different forms of carbon (C), nitrogen (N) and
phosphorous (P), to be removed prior to discharge into receiving water bodies. Despite
the technological advances achieved in recent years, a large number of wastewater treat-
ment facilities (WWTFs) still entrust the removal of the pollutant load to activated sludge
technologies, which are well established but also energy-intensive and resource-wasting
multistep processes [1,2]. Such systems oxidize the organic carbon to CO, through het-
erotrophic bacteria commonly flourishing in the sewage, which use oxygen as a terminal
electron acceptor in their metabolic chain [3]. Unfortunately, since the organic carbon in
urban wastewater is not stoichiometrically sufficient for such heterotrophic bacteria to
balance all the N and P as much efficiently as possible [3], a disadvantage of this process is
that the use of activated sludge alone is inadequate to comply with the discharge standards
for all nutrients [4], thus requiring additional energivorous treatments (tertiary treatments),
all leading to a great waste of resources. For example, one of the most common solu-
tions is biological nutrient removal (BNR) driven by ammonia oxidizing bacteria, which
captures P into biosolids and the converts ammoniacal nitrogen into N, gas through the
alternation of nitrification/denitrification [5]. BNR systems can account for 60-80% of the
total consumption of a WWTF [6] and, since urban wastewater has an energy content of
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6.3-7.6 k] L1 [7], which exceeds the energy used to treat such wastewater [8], reclaiming
this energy would be an interesting opportunity. Moreover, sewage is rich in N and P,
which could be recovered for the market as agricultural fertilizer [9,10]. Another strategy to
enhance wastewater treatment relies on the possibility of replacing anaerobic metabolism
with different metabolic processes to avoid the lack of dissolved oxygen in the tanks [11]. A
more interesting study proposes the use, in the activated sludge process, of reduced sulfur
compounds (i.e., sulfide, thiosulphate, elemental sulfur) to serve as additional electron
donors to drive the sulfur cycle reactions that lead to the reduction of nitrate and nitrite to
dinitrogen gas (autotrophic oxidative sulfur denitrification) [12].

An entirely different approach that has been gaining great interest in recent years is the
implementation of algal and mixed algal/bacterial systems as a sustainable alternative for
urban wastewater treatment and energy production [13-15]. Being metabolically flexible
organisms capable of autotrophy, mixotrophy or heterotrophy, microalgae can potentially
constitute beneficial and promising bio-systems for the treatment of different wastewater
streams [16]. According to a biorefinery concept and policies towards bio-based circular
economies [17,18], the idea is to use wastewater as a sustainable feedstock for microalgal
biomass, from which bioproducts can be obtained [19], such as: protein and storage
carbohydrates (e.g., glycogen) [20], pigments [19,21], lipids [22], biofertilizers [13] and
biocrude-biochar via hydrothermal liquefaction [23].

However, adopting microalgae by integrating them into pre-existing WWTFs is not
only aimed at generating the above-mentioned products. Indeed, the use of these or-
ganisms can truly support the sewage purification process. The rationale is that algal
microorganisms use solar energy to supply oxygen through photosynthesis; O, is then
employed for the oxidation of organic carbon to CO;, which is, in turn, necessary for the
photosynthetic production of biomass [24]. The additional oxygen supplied by microalgae
could reduce the amount of gas that must be supplied materially from outside by direct
blowing or mechanical mixing; this is a very important contribution, because it helps
to reduce total energy costs and improve system performance [16]. Unlike conventional
treatments, this system would make it possible to produce a biomass potentially richer in
energy, deriving both from the internal energy of the wastewater and from solar radiation.

At present, experimental studies on the use of microalgae for wastewater treatment
favored conventional microalgae and cyanobacteria and were characterized by a tendency
to accumulate high levels of lipids and storage starch [16]; examples of these organisms
are Arthrospira sp. [25], Chlorella sp. [20], Scenedesmus sp. [27] and Spirulina sp. [28]. Several
factors affect the selection of the strain to be used. For example, to maximize the extraction
of compounds of high biotechnological value such as phycocyanin or glycogen, the latter
being a potential food supplement in the nutraceutical sector [29], preference should be
given to a strain that exhibits a higher yield of such compounds, while being able to thrive
in urban wastewater. Nevertheless, particular attention should be paid to the selection of
an algal strain which is able to properly reduce not only the pollutant load of the sewage,
but also the community of pathogens naturally living in the wastewater. Particularly for
E. coli, it has recently been shown that activated sludge treatment indeed promotes an
increase in its antimicrobial resistance genes, thus posing a threat to public health [30].

Within the context of algal wastewater treatment, one of the most interesting and re-
cent approaches is the one involving Galdieria, a polyextremophilic red microalga belonging
to the class Cyanidiophyceae [31,32]. Galdieria thrives in geothermal volcanic soils with tem-
peratures reaching 50 °C and high sulphuric concentrations [33-35]. Galdieria possesses an
extraordinary metabolic versatility, thanks to the presence of a large number of membrane
transporters and enzymes of carbohydrate metabolism. These microalgae can easily pass
from a photoautotrophic growth regime to a mixo-/heterotrophic growth regime on more
than 50 different carbon sources, such as glucose, glycerol and food waste rich in organic
matrix [36]. It has a significant flexibility of adaptation to pH up to 5.5, despite its natural
conditions characterized by a pH below 2 [35]. Galdieria has high potential in biotechno-
logical applications and it is a reliable means for applications in bio-based remediation
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processes because of its natural ability to cope with and neutralize biohazardous heavy
metals [37] typically present in volcanic areas and acid mines, thanks to the presence of a
wide variety of carriers [29]. Moreover, being able to tolerate temperatures up to 56 °C [29],
these microalgae can be cultivated in closed photobioreactors exposed to full sunlight
and high diurnal temperatures without energy-consuming cooling technologies [24], thus
achieving a reduction in energy costs of the system. Furthermore, these organisms draw
a lot of interest because they exhibit high phycocyanin levels, ~1-2 orders more than
other species, while being able to accumulate under appropriate conditions up to 50% of
glycogen, the latter having a lower molecular weight and a more branched chain compared
to the one produced by other organisms [29].

As these features generate high interest from the biotechnological sector (e.g., glycogen
could be used instead of starch), it is important to look at alternative and economic strate-
gies for the cultivation of these algal strains and urban wastewater represents a sustainable
opportunity. The research on the use of Galdieria genus for wastewater treatment is very re-
cent. Up to now, the most comprehensive and advanced experience of Galdieria application
comes from the Las Cruces WWTEF (New Mexico, US), where a pilot system denominated
“POWER” (first mentioned in Selvaratnam, et al. [38]) has been implemented for the culti-
vation of Galdieria sulphuraria species in primary settled urban wastewater collected on-site,
followed by production of biocrude and biochar through a well-established hydrothermal
liquefaction process and the recirculation of the nutrient-rich residual aqueous fraction as a
feed for algal culture [14,39-43]. Since the research has been performed in New Mexico, the
idea was to implement a system at the local WWTF which could be optimized for hot and
arid regions, where high diurnal temperatures are typical and water scarcity is a serious
concern [44].

Using “POWER” bibliographic background as the main benchmark, this paper pro-
vides the results obtained from the experimentation of the strain Galdieria phlegrea ACUF
784.3. G. phlegrea is a recently discovered Galdieria species [45], still poorly investigated
in the scientific community, and an application with urban wastewater is still missing. G.
phlegrea has proved to not be a strictly thermophile [46], so it could represent an alternative
to G. sulphuraria in less extreme climates. Moreover, the metabolic versatility of Galdieria
genus makes its species promising candidates for treating high chemical oxygen demand-
loaded streams [16]. Related to this, the urban wastewaters employed in these experiments
were collected at a large WWTF located in southern Italy, which are negatively affected
by dilution of organic load and are characterized by a high COD/BODs ratio [47-49].
Experimentation consisted of growing the new G. phlegrea strain in primary settled urban
wastewater, whereby the main process parameters were monitored over time, including:
biomass production, ability to reduce NH* and PO,3~ as pollutant load, phycocyanin
and total lipid content. The results provide a higher temporal resolution level than what is
available in most analogous works because the parameters were monitored at very short
time intervals (<24 h). A further innovation was the use of EA-IRMS, which is not only
used to accurately characterize C and N total content in Galdieria species, but mainly to
study the variation of the stable isotope ratios §!3C and §'°N during the contact between
microalgae and growth medium. This analytical tool was confirmed to be a valid support
in understanding and describing the metabolic processes immediately undertaken by the
organism when it comes into contact with a new substrate. Stable isotope analysis is a
novelty in this type of experiment, whereas similar examples concerning the relationship
between microalgae and urban wastewater are not available in previous literature.

This study not only provides valuable data for international discussion on a microor-
ganism that today is not fully known, but also, by bringing together analytical techniques
from multiple research areas, it highlights the usefulness of pursuing interdisciplinary
approaches in the study of innovative and sustainable processes.
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2. Materials and Methods
2.1. Algal Culture and Growth Media

Galdieria phlegrea ACUF 784.3 (Figure 1) was provided by the Algal Collection of
University of Naples (www.acuf.net (accessed on 11 June 2019)). The algal strain was
firstly isolated by streaking it across agar plates, and colonies were inoculated in Allen
medium pH 2.5 [50] and cultivated at 37 °C under continuous fluorescent illumination of

45 pmol photons-m 25~ 1.

@ f’.

Figure 1. Spore formation in Galdieria phlegrea ACUF 784.3 (original photo).

Allen medium was composed as follows [50]: (NH4),SO4 0.01 M; MgSO4*7H,0
0.001 M; CaCl,*2H,0 0.0005 M; KH,PO, 0.002 M; Fe 4 mg L=}, Mn 0.5 mg L }; B
0.5mgL~1;Zn 0.05mg L™!; Cu0.02 mg L~!; Mo 0.01 mg L~!; V 0.01 mg L~!; pH adjusted
to 2.5 by means of H;SO4 and pH-meter. During the preparation stage, in order to promote
mixotrophic growth and higher biomass productivity, the medium was also enriched with
sucrose (2.0-25gL1).

The cell concentration of the stock culture was assessed through microscope cell count-
ing via hemocytometer, which is a tool specifically designed to count high concentrations
of organisms of small size (<30 pm) using a microscope. The hemocytometer is made
from a thick glass on which perpendicular lines are engraved to form a grid, which can
accommodate a known volume of culture, in our case 0.0009 mL [51]. After determining
the cell concentration with hemocytometer, 5 dilutions were made from the stock culture
and, for each one of these dilution points, the optical density was measured at 750 nm
(ODysp) by spectrophotometer. Each dilution point was prepared in duplicate and, for
each sample, spectrophotometric measurements were made in triplicate, for a total of
30 observations and an r? of 0.994. Following this procedure, a calibration curve was drawn
for the algal strain, in which each value of ODys corresponded to a cell concentration.
Once the calibration was completed, using the method of least squares the volume x was
derived, which had to be harvested and centrifuged from the stock culture to be inoculated
in the samples of the experiments. The spectrophotometer used for these operations was a
Shimadzu UVmini-1240, for single cuvettes with an optical path of 1 cm.

The urban wastewater employed in the experiments (W) were collected at the inlet of
the oxidation tank, so as to have a wastewater without suspended solids and grease, and
which had not yet undergone any biological treatment. After the sampling, the wastewater
was left to decant 1 day at 4 °C and then brought to a pH of 2.5 using H,SO4 and a pH-
meter. For the control of the experiment, we decided to use the modified Allen medium (A)
described above, at pH 2.5 and without addition of sucrose, to promote only autotrophic
metabolism.

2.2. Experimental Setup

A volume x of G. phlegrea was harvested from the stock culture and centrifuged at
4000 rpm for 4’ at room temperature. The sedimented biomass was washed twice with the
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target medium (W or A) and it was finally suspended in a volume of 700 mL in 1 L Erlen-
meyer flasks, to reach a final cell concentration of about 100 cells mL~! (OD7505m == 0.8).
Three biological replicates were prepared for each of the two conditions W and A, and
each analytical measure was performed in triplicate. 120 mL of the cultures were collected
from each Erlenmeyer flask at the start (0 h) and after 0.5 h, 3h, 6 h and 24 h, and used
for the assessment of the following physiological parameters: (i) biomass as Ash Free Dry
Weight (AFDW) and its total phycocyanin content; (ii) cell counting; (iii) ammonium and
phosphate removal; (iv) total lipids in the biomass; (v) total content of C and N in the
biomass and the corresponding isotopic ratios 5'* C and §!°N.

Optical density and cell counting with hemocytometer were monitored in parallel
every 3 days until day 9; the ammonium concentration was evaluated up to day 3. Table 1
shows the time pattern of the samples taken from each biological replicate and the corre-
sponding evaluated parameter.

Table 1. Time sheet of the sampling performed on each of the biological replicates and the analyses that were carried out on

each of these samples.

Sampling Times

Oh 05h 3h 6h 24h Day2 Day3 Day4 Day5 Day6 Day7 Day8 Day?9
OD75 v v v v v v v v
Cell counting (4 v v 4
NH4* v v v v v v v

Yortoed w0 v v v v v
Phycocyanin v v v v 4
Lipid fraction v v v v v
[C]-[N] fraction v v v 4 v
313C-815N v v v v v

2.2.1. Ammonium and Phosphate

Ammonium and phosphate variations were quantified spectrophotometrically by
following the method described by Hernandez-Lopez and Vargas-Albores [52].

This method was chosen because, operating on very small volumes in microplate
(250 puL in each well), it allows the simultaneous analysis of the entire panel of collected
samples, thereby reducing the uncertainty related to multiple analyses.

In particular, for the determination of ammonium, 250 pL of the samples were mixed
in a microplate with 3 different reagents: 20 uL of 10% phenol solution (in 95% ethanol),
20 pL of 0.5% sodium nitroprussiate and 30 pL of a reactive solution composed of 10 mL
alkaline solution (10 g sodium citrate + 0.5 g sodium hydroxide in 50 mL deionized water)
with 2.5 mL commercial sodium hypochlorite. The mixture was incubated for 60" at room
temperature in the dark (to prevent any radiation interference) and the optical density was
recorded at 655 nm. Ammonium sulphate (200 pM) was used as a standard to prepare a
calibration curve in the range 1.6-50 uM.

To determine phosphate content, 250 puL of the samples were placed in a microplate
containing 30 pL of reactive solution in each well (0.6% ammonium heptamolybdate,
12.75% sulphuric acid, 1.08% ascorbic acid, and 0.0163% each of antimony and potassium
tartrate) and incubated for 10 min at room temperature. The absorbance was determined
at 655 nm. A 100 uM KH,POy solution was used to prepare a standard curve ranging from
0.4 to 60 uM.

2.2.2. Biomass Concentration and Phycocyanin Content

During the experiment, the biomass concentration was measured both spectrophoto-
metrically and by cell counting using a hemocytometer. Spectrophotometric assessment
of the biomass content was carried out by measuring the ODys5g of the samples, and the
obtained value was converted to mg L~! using the relation described from Selvaratnam,
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Pegallapati, Montelya, Rodriguez, Nirmalakhandan, Van Voorhies and Lammers [44] for
G. sulphuraria:

AFDW [g L™!] = 0.54 x ODysp + 0.023; [n = 12; r? = 0.997]. (1)

At the same time, the total phycocyanin content was also evaluated spectrophotomet-
rically by measuring the absorbance of the algal suspension at 624 and 652 nm and then
applying the formula [53,54]:

Phycocyanin [mg L™!] = [(ODgy4 — (ODgs2 — 0.474))/5.34] x 1000. ()

2.2.3. Lipid Content

Since G. phlegrea is a thermophilic microalga with a very strong external cell membrane,
the lipids contained in the biomass were extracted with the n-hexane Soxhlet method
assisted by ultrasonication and freeze-drying of the biomass, according to the procedure
reported by Onay;, et al. [55] for microalgae resistant to high temperatures. Specifically, for
each sample, 100 mL of algal culture were pre-treated with ultrasonic bath (Elmasonic S10)
in ice water at 37 kHz for 30’. Then, the culture was centrifuged at 4000 rpm for 5’ at 4 °C
to isolate the disrupted biomass, which was then freeze-dried. After this pre-treatment,
each lyophilized biomass sample was placed into a filter bag (F57, Ankom Technology),
which was sealed and labelled in binary code. The filters thus obtained were inserted into
the Soxhlet to initialize the 24 h extraction cycle with n-hexane [55]. At the end of the cycle,
filter bags were completely dried in a laboratory oven at 40 °C for 24 h. Then, the amount
of lipid extracted from the biomass was derived with a gravimetric method by difference
in weight between the initial biomass and the final one. For all weighing, a high-precision
balance with a sensitivity of 2 ug was used. To assess the initial lipid content in the biomass,
a sample of the stock culture was collected.

2.2.4. C and N Content and Evaluation of §13C and 51°N

Since two isotopes of the same element differ in mass number, they have different
physical properties and their relative abundances do not retain a rigid structure in nature,
but variations occur due to chemical, physical or biological processes [56]. The relative
distribution of heavier and lighter isotopes between two coexisting phases in a natural
system is called isotope fractionation [57]. Metabolic activity in organisms, or the interac-
tion of volatile elements with aqueous and crustal material, are all processes that induce
predictable enrichment or depletion in a specific isotope [58]. For this reason, there are
distinct isotope fractionation models that allow the interpretation of the prevailing pro-
cesses involved, and these patterns can be used not only in the description of past events,
but they are also widely used in the observation and analysis of real time phenomena [59].
The isotopic composition of elements in matrices of environmental interest is generally
expressed in terms of delta notation (8). In practice, this parameter expresses how many
parts per thousand (%o) of the considered isotope ratio deviate from the same ratio of a
reference material with a known isotopic composition. A value of § > 0 indicates that the
sample is enriched in heavier isotopes with respect to the standard.

With reference to the research discussed in this study, the isotopic analyses were car-
ried out because they are an analytical tool that provides great support in the identification
and understanding of metabolic processes taking place. To prepare the samples for the
analyses, algal biomass isolated from 20 mL samples was freeze-dried at —80 °C without
pre-treatment. In order to characterize the baseline of these parameters in the biomass, a
sample from the stock culture was also collected and freeze-dried. After that, ~800 pg of
the dried biomass was weighed and encapsulated in 4 X 6 mm tin capsules (Tin capsules
for solids, Santis analytical). These samples were then analyzed with IRMS Isotopic Ratio
Mass Spectrometer (Delta V Advantage—Thermo Fisher, Waltham, MA, USA) coupled
to an EA Elemental Analyzer (1112 Series—Thermo Fisher, Waltham, MA, USA), for the
simultaneous measurement of C and N contained in the biomass (%) and their relative
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isotopic ratios §'3C and §'°N (%o). The reference standards are the Vienna PDB for the ratio
13C/12C (= 8'3C) [60] and the Air for the ratio >N /!N (= §'°N) [61].

2.2.5. Statistical Analysis

The experiments were performed by preparing 3 biological replicates in Erlenmeyer
flasks for each condition (A;_3, Wi_3) and, from each individual flask, the collected samples
were tested in triple technical replicate for every parameter to be measured. The significance
of the growth/decrease of the parameters was evaluated by means of paired-sample ¢-
test with level of significance p = 0.05. As a further check, a Tukey’s range test was
also carried out on the data sets. The graphical representations were prepared using
Microsoft Office Excel, while OriginPro 2018 software (©OriginLab Corporation) was used
for statistical analysis.

3. Results and Discussion
3.1. Biomass Growth and Phycocyanin Content

G. phlegrea ACUF 784.3 was able to grow on wastewaters (W) as well as in the control
(A), consistently with what is reported in the relevant literature for similar experiments
with G. sulphuraria [44]. In particular, our results (Figure 2) suggest that the growth in
wastewater is higher than in the experimental control, especially in the initial growth
stage. In numbers, starting from an inoculum of about 0.45 g L™}, corresponding to an
optical density at 750 nm of about 0.8 and a number of cells in the order of magnitude
of 10° cells mL~!, growth peaked at 0.588 g L~! in wastewater and at 0.557 g L~! in the
control after nine days in batch mode (p < 0.05). Therefore, the sample that at the end of
the experiment showed the highest density (by 10%) was the one grown in wastewater,
similarly to what also demonstrated by Selvaratnam, Pegallapati, Montelya, Rodriguez,
Nirmalakhandan, Van Voorhies and Lammers [44] with G. sulphuraria.

cell counting [A] cell counting [W]
----- AFDW_A ——— AFDW_W
0.65 35x107
== 050 3.0 x 107 E
S 25x10° §
E 0% 20107 4
(]
2 050 15x107 ©
g 1.0x107 3
- 08 0.5 x 107 -5;
0.40 0.0x10" 3
0 3 6 9 z
Day

Figure 2. Comparison between Ash Free Dry Weight (AFDW) and cellular concentration evaluated
via cell counting. Results are reported as means =+ standard deviation (n = 9).

Discrepancies between our tests and those reported in literature might be ascribable
both to a different culture system and to the highest pollutant load of the urban primary set-
tled wastewater [44]. In fact, NH3-N and PO,4® concentrations in the wastewater employed
within the POWER project were typically of about 40 mg L~! and 10 mg L™, respec-
tively [38], much higher than the value reported for the wastewater from the city of Salerno
where both ammonium and total phosphorus had an average value of about 5 mg L1 [49];
this was mainly due to the fact that the wastewater treatment facility was affected by a large
amount of undesired inflows/infiltrations diluting the wastewater [47,48]. The hypothesis
is that the scarcity of nutrients would not allow a growth at the levels reached in New
Mexico, where sewages were much more concentrated in eutrophic elements.

Interesting evidence emerged from the comparison between ash free dry weight
obtained through spectrophotometric measurements and microscope cell counting of the
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samples (Figure 2). Results showed that over time the increase in optical density did
not necessarily correspond to an increase in the number of cells (Figure 2). This may
depend largely on two dynamics. During adaptation and growth, cells spend a period
of time increasing their volume: in this case, with the same number of cells, the optical
density (and so the AFDW) is higher because the cells are bigger in size. When microalgae
reproduce, they generate cells of very small size: in this case, with the same optical density,
the microscope cell counting will result in a larger number of cells with smaller size.

Finally, with regard to the total content of phycocyanin, no significant variations were
appreciated over time and its value was about constant in all the experiments around an
average value of 94 = 6 mg L1

3.2. Variation of NHy* and PO43~

Figure 3 shows the trend of NH4* during 72 h. The removal efficiency was more than
50% after 24 h with primary settled wastewater containing about 6 mg L1 of NH4-N at
the start of the experiment; after 72 h, ammonium removal exceeded 70%.

40
35
30

fg b0 . ma
10 Bw

NH,* [mg L]

Hours

Figure 3. Variation of NH4" in the wastewater (W) and in the standard growth medium (A).

The removal efficiencies obtained in this experiment were well above the value ob-
tained by Selvaratnam, Pegallapati, Montelya, Rodriguez, Nirmalakhandan, Van Voorhies
and Lammers [44] in batch mode, when G. sulphuraria removed 25% of NH;* and 10% of
PO,3~ after 24 h. It is already demonstrated that in Cyanidiales the ammonium uptake
depends both on the number of cells in suspension and on the concentration of ammonium
in the medium [62]. This implies that the more abundant the ammonium, the faster the
uptake will be; on the other hand, with the same ammonium in the medium, the more
algae cells are present in the medium and the faster the process will be [62-64]. In our
work, wastewaters had an initial ammonium concentration of about 6 mg L~! and the algal
biomass inoculated was about 0.4 g L~!. In Selvaratnam, Pegallapati, Montelya, Rodriguez,
Nirmalakhandan, Van Voorhies and Lammers [44], an initial biomass of about 0.1 g L1
was inoculated in wastewater containing about 40 mg L~! of ammonium. What can be
assumed is that in the first case a greater quantity of algae is able to abate more quickly a
more discrete amount of ammonium.

Phosphorus (P) is essential for living cells, including microalgae. It is a component of
nucleic acids, structural phospholipids, proteins, sugar phosphates and other metabolites.
Several algae assimilate more P than the needed for immediate growth, sometimes forming
polyphosphate granules as P deposit. Phosphate removal from wastewater after 24 h was
of about 22%, starting from an initial concentration of about 7 mg L1 (Figure 4).
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Figure 4. Variation of PO,3~ in the wastewater (W) and in the standard growth medium (A).

The result obtained for phosphate removal efficiency in wastewater confirmed what
was observed for ammonium. Even in this case, in fact, from an initial quantity of phos-
phate slightly lower than that reported for Las Cruces wastewater (7 vs. 10 mg L~!) and
inoculating a greater quantity of microorganisms, the value of the removal efficiency is
about doubled.

The average ammoniacal nitrogen removal rate attained in raw wastewater during
the first 72 h is 3.90 mg L~! d~!, with a biomass productivity in the wastewater of 23.18 g
of biomass per g of NH4-N removed. The value of biomass productivity in wastewater was
slightly lower than the average reported in the literature for G. sulphuraria from Selvaratnam,
Pegallapati, Montelya, Rodriguez, Nirmalakhandan, Van Voorhies and Lammers [44]
(27.42 g g~ 1). Higher nitrogen removal rate and biomass productivity values reported in
the literature are very often associated with higher initial concentrations of N and P in
the growth medium [4,65-68], as already hinted before. The phosphate removal rate was
1.5mg L~ d~1, 1.25 times the rate of 1.2 mg L~! d~! reported for batch mode experiments
with Las Cruces wastewater [44]. The difference observed could be evidence of a greater
ability by G. phlegrea to capture phosphorus compared to G. sulphuraria. To be validated,
this hypothesis needs further experiments by switching from batch mode to a continuous
system, where removal rates and efficiencies remain nearly constant over time.

3.3. Lipid Content

Using the method described in Section 2.2.3 [55], a total lipid fraction in the range
11-22% was extracted (Figure 5). As can be seen in Figure 5, the pattern of lipid content
identified the tendency to a major production of lipids in the raw wastewater, with an
evident disparity after 24 h (11% vs. 20%).

)
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Figure 5. Variation of the lipid content in the biomass grown in wastewater (W) or Allen medium
(A). The 8 h of darkness in the climatic chamber occur between 6 h and 24 h.
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Figure 5 shows that, as soon as G. phlegrea reached equilibrium with the surrounding
medium, lipid content started to decrease in both conditions A and W until the 6th hour.
The higher lipid production achieved in W in the first 30’ of contact (0.5 h) was found to
be non-significant according to Tukey’s test. Bearing in mind that lipid production is a
response to situations of physiological stress [69,70], this initial decrease can be explained
by the fact that the abundance of nutrients in the fresh culture media A and W is a favorable
condition for the organism, so that lipid production decreases. In the following hours,
however, while the lipid content in the biomass grown in autotrophic Allen medium
remained stable (non-significant statistical difference), it increased in the biomass grown
in wastewater (significant difference). Wastewater from the city of Salerno, despite being
strongly diluted [48,49], contains organic carbon, so it can be easily assumed that the
microalgae suspended in raw wastewater were able to grow heterotrophically when the
light was absent. This condition of light absence in the climatic chamber occurred between
the 6th and 24th hour (Figure 5).

In order to explain this response, reference was made to the relevant literature about
the amount of lipids extracted in other species of the genus Galdieria. Graziani, et al. [71]
reported a total concentration of lipids (extracted with a mixture of chloroform:methanol)
in G. sulphuraria below 2%, with a higher total lipid productivity in autotrophic metabolism
rather than heterotrophy; in the same experiment, the content of PUFA (polyunsaturated
fatty acids) was higher in heterotrophy and, in general, under stress conditions. Lopez,
et al. [72] obtained with Galdieria sp. USBA-GBX-832 results similar to Graziani, Schiavo,
Nicolai, Buono, Fogliano, Pinto and Pollio [71]; in particular, using a modified version
of the Bligh and Dyer extraction method [73], they were able to extract about 3-4% of
total lipids in heterotrophy and mixotrophy and 15% in autotrophy. In contrast to the
cases just mentioned, but in agreement with our results, Sakurai, et al. [74] obtained with
G. sulphuraria a higher lipid production in heterotrophy rather than autotrophy using a
modified version of the extraction method described in Minoda, et al. [75]. Using GC-
MS, Sakurai, Aoki, Ju, Ueda, Nakamura, Fujiwara, Umemura, Tsuzuki and Minoda [74]
provided a detailed analysis of the different typologies of lipids constituting the total
fraction. More specifically, they observed that the elongation and unsaturation of fatty
acids in the endoplasmic reticulum appears to be activated under heterotrophic conditions.
However, the mechanisms that induce this process are not yet known. Their observations
suggest that this process is influenced more by the cellular metabolic state than by the
absence of light and it depends to a large extent on growth conditions [74].

It is important to notice that all these results reported in literature were obtained from
experiments in which different Galdieria strains, culture media, growth conditions and
extraction methods were used. The use of an appropriate extraction method is crucial,
especially for algae of the genus Galdieria, which have a robust cell wall [71]. For this
reason, before using solvents for extraction, it is necessary to ensure good disruption of the
biomass to be processed [55]. Since G. phlegrea is also a thermophile, for the present research
it was decided to use a different extraction method (described in Section 2.2.3) adapted
for thermo-resistant microalgae such as those of the Galdieria genus, which inherited from
Archaea the characteristic of longer hetero-lipids coating the phospholipidic bilayer and
preventing its degradation at high temperatures [76]. According to Onay, Sonmez, Oktem
and Yucel [55], to improve lipids extraction, it is necessary to apply ultrasonication to the
biomass in ice water and then freeze-dry it. Sakurai, Aoki, Ju, Ueda, Nakamura, Fujiwara,
Umemura, Tsuzuki and Minoda [74] also performed cold ultrasonication of the biomass,
but the cells were first dissolved in methanol. Indeed, by applying in the present research
the protocols of pre-treatment and extraction described by Onay, Sonmez, Oktem and
Yucel [55], total lipid content extracted was higher, on average, compared to data from
previous literature. This result may not only be related to the strain used in the experiments,
but it may also indicate that the pre-treatment and extraction methods adopted in this
study were more appropriate for the selected microorganism.
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3.4. C and N Content and Variation of the Isotopic Ratios 6'3C and 6'°N

The reactions involving organic carbon through photosynthetic processes determine
a decrease of 5!'3C, because during photosynthesis the organic material that is produced
becomes enriched in the lighter isotope rather than in the heavy one. As a reference, aquatic
plants have a §!3C in the range —14/—19 [77].

For nitrogen, naturally abundant in the atmosphere, the first step is its fixation from
atmospheric molecular nitrogen to ammonium nitrogen (8'°N ~ 1%0) [77]. The next
reactions comprise mineralization, volatilization, nitrification and denitrification, mostly
mediated by microorganisms. When referring to the liquid phase, as in the case of the
growth media involved in these experiments, the balance between ammonia in solution and
in gaseous phase induces an enrichment of the heavier isotope in the solubilized fraction
and an increase of 5'°N for the ammonium ion dissolved in the liquid substrate [77].

In these experiments, carbon and nitrogen were analyzed both in terms of total content
(%) and isotopic ratios 513C and §°N (Figure 6).
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Figure 6. Variation of 513C (a) and 8N (b) in the biomass grown in wastewater (W) and Allen medium (A).

Concerning the total content of C and N, after an initial phase of adaptation to fresh
medium, the amounts of these elements did not undergo significant variations in almost all
the conditions observed (p > 0.05). The only exception was the carbon content in W medium,
which varied significantly after 24 h; more specifically, starting from an average C content
of 42%, total C amount in biomass grown in wastewater reached an average value of 47%,
being statistically different (p < 0.05). This result can be justified with the assumption
that the biomass, in contact with the wastewater, had a more intense metabolism, with
photosynthetic activity in the presence of light and heterotrophic metabolism induced by
the presence of organic carbon in the wastewater during the dark hours, consistent with
the metabolism of lipids.

Opverall, in all the samples was observed an average composition of 45% of carbon and
6% of nitrogen. Selvaratnam, Reddy, Muppaneni, Holguin, Nirmalakhandan, Lammers
and Deng [40] estimated a nitrogen content in G. sulphuraria in the range 4-8%. For this
value, in a hydrothermal liquefaction process such as the POWER system [40] and at the
appropriate temperature conditions, with G. phlegrea between 55% and 75% of N from the
biomass [78] could be easily recovered, thus supporting the optimal recovery of an element
which is essential for the production of energy and as a nutrient for new biomass.

As suggested at the beginning of this section, photosynthesis is a process causing
depletion of '3C, a trend that is also observable in Figure 6a. In the experimental control
the depletion in 5!3C is weak because A is a growth medium identical to the medium
in which the algal stock was usually stored before starting the experiments, with the
exception of being free of additional organic carbon, so the algae basically retained an
isotopic state of equilibrium with their previous condition. In the case of W, on the contrary,
the algae grew in raw wastewater, a matrix generally characterized by a much more
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negative §13C [79]; since Galdieria is able to exploit the organic carbon of the wastewater
to practice mixotrophy and heterotrophy, it is reasonable to think that the more intense
depletion of §'3C observable in W after the first 30’ is associated with the capture of carbon
from the growth medium. This is consistent with the observations of Oesterhelt, et al. [80],
who demonstrated that Galdieria catabolically represses photosynthesis in the presence of
organic carbon sources.

With regard to N metabolism, while it does not exhibit major variations in biomass
from a quantitative point of view, the time trend of its isotopic ratio (Figure 6b) suggests
that G. phlegrea grown in wastewater fixed nitrogen from an external source whose 5!1°N
had a higher value. Berto, Calace, Rampazzo, Saccomandi and Stellato [77] reported that
the range of !N for raw urban wastewater is between —4/+6. The wastewater used in
the experiments was a primary settled wastewater that was mechanically deprived only of
suspended solids, oils and sand, but had not yet undergone biological treatments; therefore,
it can be assumed that the value of §'°N for this liquid phase falls in the range —4/+6.
Given this and observing Figure 6b, the trend of 5!1°N in the wastewater can be justified
as being related to the assimilation of ammoniacal nitrogen dissolved in the wastewater
and enriched in 1N, consistently with what was described at the beginning of this section.
Moreover, the increase in §'°N was statistically significant at all sampling points and,
comparing Figure 6b (3°N graph) with Figure 3 (trend of NH4"), it can be seen that the
trend was almost specular to the reduction of NH,* in the growth media. Nitrogen uptake
is involved in pigment and protein metabolism and algal growth and proliferation. No
nitrogen storage granules are known in Galdieria, other than the phycobilisome granules
located through the thylakoid within the chloroplast, which contain nitrogen. However,
in the present work, the level of phycocyanin in G. phlegrea grown in wastewater was not
significantly different from the control culture. On the other hand, recent genomic analyses
revealed that G. phlegrea adopted improved strategies for adaptation to specific environ-
ments, such as the reacquisition of a complete set of genes required for urea hydrolysis,
which is necessary as an alternative source of nitrogen in N-limited environments [81].
Therefore, we can assume that G. phlegrea uses N-NHy* to convert it to urea as an N-deposit.
Concerning the trend of 5!°N for the biomass grown in Allen, the analysis of the results
using Tukey’s range test revealed that there were no statistically significant differences
between §'°N in Allen at time 0 h and the value assumed by the parameter in the following
hours (up to the 24th hour). Hence, it appears that 8'°N in the autotrophic control (A)
substantially retained an equilibrium condition throughout the experiment, in agreement
with what was observed for §'3C in Allen (Figure 6a).

4. Conclusions

Results showed that G. phlegrea was able to grow in raw wastewater, where it reached
an algal density higher than in the control growth medium. Ammonium and phosphate
removal efficiencies were very high, G. phlegrea beingable to reduce on average at least
50% of the ammonium and 20% of the phosphate in the wastewater during the first 24 h.
Protocols adopted here for biomass pre-treatment and total lipid extraction were more
suitable for the characteristics of Galdieria, yielding a higher fraction than what the literature
reports for species of the same genus. Isotopic analysis helped to reveal carbon and nitrogen
pathways and to clearly show that their uptake was related to the medium with which
the biomass comes into contact. The results achieved in this laboratory stage encourage
further efforts in this direction. Future experiments will perform a scale-up of the process,
to simulate a scenario as realistically as possible. High value-added compounds potentially
extractable from G. phlegrea and the uses of the residual biomass will also be studied in
more detail, in order to define the life-cycle benefits of the process and thus validate the
potential application of G. phlegrea for sustainable wastewater treatment.
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