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Abstract 

Background:  Wild-type yeasts have been successfully used to obtain food products, yet their full potential as 
fermenting microorganisms for large-scale ethanol fuel production has to be determined. In this study, wild-type 
ethanologenic yeasts isolated from a secondary effluent were assessed for their capability to ferment saccharified 
microalgae sugars.

Results:  Yeast species in wastewater were identified sequencing the Internal Transcribed Spacers 1 and 2 regions 
of the ribosomal cluster. Concurrently, microalgae biomass sugars were saccharified via acid hydrolysis, producing 
5.0 ± 0.3 g L−1 of fermentable sugars. Glucose consumption and ethanol production of yeasts in hydrolyzed-micro‑
algae liquor were tested at different initial sugar concentrations and fermentation time. The predominant ethanolo‑
genic yeast species was identified as Candida sp., and glucose consumption for this strain and S. cerevisiae achieved 
75% and 87% of the initial concentration at optimal conditions, respectively. Relatively similar ethanol yields were 
determined for both species, achieving 0.45 ± 0.05 (S. cerevisiae) and 0.46 ± 0.05 g ethanol per g glucose (Candida sp.).

Conclusion:  Overall, the results provide a first insight of the fermentation capacities of specific wild-type Candida 
species, and their potential role in ethanol industries seeking to improve their cost-efficiency. 
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Background
Rapid socioeconomic growth around the world has 
produced an unquestionable increase in global energy 
demand. By 2020, more than 81% of the world total pri-
mary energy supply derives from nonrenewable fuel 
resources [1]. In order to reduce the dependency on fos-
sil fuels, and the environmental issues associated with 
these, renewable fuel resources have been widely studied, 
and encouraged to fulfill the global energy demand in 
the near future [2–4]. Even though 12% [5] of the global 

energy demand is supplied by renewable energies (e.g., 
liquid biofuels, solar energy, and hydroelectric power 
plants) as of 2020, its overall share is expected to reach 
over 60% in the following years [6, 7].

Ethanol fuel, or simply ethanol, is one of the most 
demanded and important biofuels worldwide. In con-
trast to gasoline, ethanol is considered a cleaner alterna-
tive due to its high biodegradability, low greenhouse gas 
emissions, up to 96% less than fossil fuels, and null tox-
icity [8–11]. In addition, it is miscible with gasoline and 
can be used as an oxygenated portion in spark-ignition 
engines to reduce CO2 emissions [12, 13]. Currently, 
ethanol fuel is mostly produced from either edible-crops, 
also called first-generation ethanol, or agricultural resi-
dues, known as second-generation ethanol [11, 14, 15]. 
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Nonetheless, the consolidation of these feedstocks in 
ethanol fuel industries are on hold due to socioeconomic 
and environmental impairments, expensive pretreat-
ment, and complicated processing technologies [9, 10, 
16]. Hence, further development of third-generation 
biomass sources, such as microalgae biomass, is deemed 
important as it is a promising feedstock due to its high 
growth rates, rapid carbohydrates accumulation, sim-
pler sugar profile, one-step hydrolysis, and the ability to 
harvest nutrients from wastewater [4, 17–19]. Despite 
the indisputable potential of microalgae biomass, major 
drawbacks still need to be overcome to produce large vol-
umes of ethanol fuel from microalgal biomass [20, 21].

Industrial ethanol production depends mostly on 
microbial activity, particularly that of yeasts. These 
microorganisms have produced valuable goods for cen-
turies and one species, Saccharomyces cerevisiae, has 
a long tradition in the ethanol industry [22, 23]. More 
novel microbial alternatives have been studied in order to 
obtain a more economical and spontaneous ethanol fuel 
production in large-scale fermentation processes [24–
26]. The usage of wild-type or non-conventional yeasts 
has gained interest in recent years due to several indus-
trially relevant traits such as consumption of complex, 
inexpensive media, tolerance against stress and fermen-
tation inhibitors [27]. Previous studies by Holt et al. [28] 
and Serra Colomer et al. [29] reported brewery-relevant 
properties of a broad range of wild yeast strains, belong-
ing to Brettanomyces, Cyberlindnera and Pichia, genres, 
such as enhancement of aroma and flavor profiles when 
co-cultured with S. cerevisiae. On the other hand, our 
research group reported the dominance of ethanolo-
genic yeast over microalgae when treating wastewater 
under heterotrophic conditions [30], which would allow 
integrated ethanol fuel production with wastewater 
treatment in a biorefinery-like process. Even if next-gen-
eration sequencing technologies and molecular engineer-
ing tools offer the possibility of mapping free-living yeast 
mechanisms for substrate assimilation and high-value 
bioproducts accumulation, wild-type yeasts’ full potential 
as an alternative to genetically modified or conventional 
yeasts in the ethanol fuel industry is yet to be deter-
mined. The aim of this study was to isolate and identify 
potential ethanologenic yeast in municipal wastewater 
secondary effluent to produce ethanol using saccharified 
microalgae sugars and synthetic wastewater.

Results and discussion
A stepwise study starting from the culturing, harvest-
ing, and pretreatment of Scenedesmus sp. predominant 
cultures to the alcoholic fermentation was performed. 
After harvesting, a total concentration of 100.0 ± 2.0  g 

L−1 of microalgae biomass was obtained prior to the acid 
hydrolysis step. Analyses in this study revealed that etha-
nologenic wild-type yeast thrive in municipal wastewater 
and certain species were able to effectively produce etha-
nol using hydrolyzed-microalgae liquor.

Acid hydrolysis
Glucose was determined as the predominant monosac-
charide, accounting for 4.15  g L−1 (83.7 ± 0.4%) of the 
total extracted sugar content in the resulting hydrolysate 
liquor. Although other monosaccharides (i.e., maltose 
and xylose) were also detected, these sugars only reached 
a total concentration of 0.35 (7.0 ± 0.3%) and 0.5  g L−1 
(10 ± 0.5%) in the liquor, respectively. As for the total 
sugar content in the residual slurry, this resulted in less 
than 0.01  g L−1. Significant differences were observed 
between the total sugar content in untreated microalgae 
biomass and the hydrolysate liquor (p ≤ 0.05), confirming 
the importance of microalgae pretreatment for biofuels 
production.

A comparison of the hydrolysate liquor total extracted 
sugars and saccharification yield with literature is shown 
in Table  1. To start with, the final sugar concentration 
in the hydrolysate liquor was different in comparison to 
other studies. This is due to the total carbohydrate con-
tent of the microalgae biomass used in this study. Even 
though previous studies have used microalgae strains 
with a carbohydrate concentration exceeding 40% of the 
dry biomass, most of them employ axenic or single strain 
cultures which are costly and energy intensive when not 
performed in lab-scale [31, 32]. Moreover, such mono-
cultures are at high risk of contamination that results in 
capital and product losses during manufacturing [33]. 
Thus, microalgae consortiums represent a possible cost 
reduction in the downstream processing of biomass as 
culture monitoring for contamination is relatively mini-
mal and an enhanced co-processing of bioproducts could 
be achieved.

Additionally, total sugar extraction and saccharifica-
tion yields were above the average when compared to the 
literature (Table 2). Even though only one study showed 
a higher sugar extraction yield, this appears to be attrib-
uted to the higher temperatures employed. For instance, 
not only de Farias Silva et al. [11] total sugar extraction 
exceed 90% of the carbohydrate content measured for 
the untreated biomass, but a temperature above 120  °C 
was achieved through autoclaving. Diluted acid in com-
bination with autoclaving is one of the most common 
methods for microalgae feedstock pretreatment due to 
its relatively simple operation and relatively high sugar 
extraction yield [4, 34]. However, autoclaving is a costly 
and energy-intensive process, which is not suitable for 
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all cell types and requires high temperatures in order to 
cause cell lysis [35]. Consequently, extracted sugars could 
be subject to dehydrations (i.e., thermal degradation) 
when reaction times are not precisely controlled and fer-
mentation inhibitors, including but not limited to acetic 
acid, formic acid, hydroxymethylfurfurals (HMFs) and 
other furfurals, could be produced [2, 13, 36]. Hence, the 
above-average total sugar extraction (%Ex) and sacchari-
fication yield (%Sa) yields observed in this study are more 
likely due to longer reaction times and temperatures 
below 120 °C.

Yeast identification and characteristics
The purification and colonies’ morphological observa-
tions are shown in Fig. 1. Two colonial morphologies were 
observed, where one exhibited an irregular form, raised-
type elevation, and undulated margin (Fig. 1b) while the 
other colony showed a nearly circular form, raised-type 
elevation, and entire margin (Fig.  1d). The yeast strains 
were identified as Lindnera sp. (anamorph of Candida 
sp.) and Pichia sp. through rDNA sequencing. Candida 
sp., as most species belonging to the Candida taxo-
nomic genre, is an extremely heterogeneous unicellular 

Table 1  Comparison of total sugar extraction and saccharification yields obtained with similar studies

a  % of dry cell weight
b  Sugar content estimates are measured in grams of sugar per liter of hydrolysate liquor

ND not determined

Microalgae Initial biomass
(g L−1)

Carbohydrates 
biomass (%a)

Sulfuric 
acid 
(%v/V)

Temperature
(°C)

Time
(min)

Sugar 
extraction 
(%Ex) (%)

Saccharification 
(%Sa) (%)

Sugar 
contentb

(g L−1)

Reference

Scenedesmus 
sp.

Consortium

100 7.0 ± 0.9 5.0 90 120 71.5 ± 0.3 70.2 ± 0.2 5.0 ± 0.3 This study

Chlorella sp. 
ABC-001

50 39.1 3.0 90 150 86.9 71.5 17.0 Seon et al. [37]

Scenedesmus
Obliquus

50 23.0 ± 2.0 3.0 120 30 90.0 ± 0.3 64.4 ± 0.7 20.7 ± 2.1 de Farias Silva 
et al. [11]

Scenedesmus 
sp.

Consortium

100 ND 5.0 80–90 120 ND 49.1 16.6 Castro et al. [38]

Scenedesmus
Obliquus

50 14.6 5.0 120 30 72.3 46.2 3.2 Miranda et al. 
[39]

Table 2  Comparison of fermentation assays optimal conditions with similar studies

ND not determined

Microorganism Initial sugar 
concentration 
(g L−1)

Sugar 
consumption 
(g L−1)

Net sugar 
consumption 
(%)

Ethanol (g L−1) Ethanol yield 
(%)

Ethanol 
productivity (g 
L−1 h−1)

Acetic acid (g 
L−1)

Reference

Candida sp. 5.0 ± 0.3 3.6 ± 0.2 75.2 ± 0.2 2.2 ± 0.1 85.8 ± 0.01 0.150 ± 0.01 1.38 ± 0.05 This study

Saccharomyces 
cerevisiae 
S288C

5.0 ± 0.3 4.2 ± 0.4 87.2 ± 0.4 2.1 ± 0.1 81.7 ± 0.02 0.129 ± 0.06 1.45 ± 0.10

Clostridium ace-
tobutylicum 
(MTCC India)

31.45 ND ND 1.0 6.2 0.0083 ND Kallarakkal et al. 
[48]

S. cerevisiae 
KL17

13.5 8.5 63 3.5 50.7 0.318 ND Seon et al. [37]

S. cerevisiae 
(Cameo 
S.p.A™)

13.0 12.1 ± 0.6 92.6 ± 4.4 4.9 ± 0.1 75.0 0.383 ± 0.10 0.69 ± 0.06 de Farias Silva 
et al. [11]

Clostridium sac-
charoperbuty-
lacetonicum 
N1–4

16.6 ND ND 0.5 ± 0.1 6.2 ± 0.02 0.030 ± 0.06 ND Castro et al. [38]
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species and its use in biotechnological and pharmaceuti-
cal industries has steadily increased in recent years [40]. 
For instance, certain Candida species have been used as 
forage or fodder yeast for livestock due to its high content 
in valuable and easily processed single-celled proteins or 

SCP [41, 42]. However, to employ Candida sp. as a fer-
menting microorganism for ethanol production, studies 
are still needed as it has not yet been fully characterized.

Concurrently, Pichia sp. has a cosmopolitan distribu-
tion in nature, and it is often found in spoiled foods and 
fruit juices. This strain has been cataloged as clinically 
important due to its isolation from human sputum and 
various animals. In addition, previous studies by Kurtz-
man et  al. [40] concluded that Pichia sp. is an impor-
tant producer of the drug precursor 2-phenylethanol, 
used to manufacture antibiotics and other antimicro-
bial substances. Glucose uptake and ethanol productiv-
ity were evaluated for all the identified yeasts (Fig.  2). 
Although both tested strains were suitable to grow 
under glucose-enriched wastewater, only Candida sp. 
exhibited desirable fermentation properties as shown in 
Fig. 2a, b.

Ethanol production from pretreated microalgae biomass
Glucose consumption and ethanol production for Sac-
charomyces cerevisiae S288C and Candida sp. are shown 
in Fig. 3a and Fig. 3b, respectively. Similar glucose con-
sumption rates were observed for both species after 8 h 
under all tested conditions. Factorial design effect anal-
ysis determined that S. cerevisiae S288C (Fig.  4a) and 
Candida sp. (Fig. 4c) exhibited significant differences in 
glucose consumption as the initial substrate concentra-
tion increased (p ≤ 0.05).

Fig. 1  Morphological analysis of Candida sp. (a, b) and Pichia sp. (c, 
d) using a stereoscopic microscope

Fig. 2  Glucose consumption and ethanol production for yeast isolates. Candida sp.: a 25 g L−1 dextrose-enriched filtered wastewater; b 45 g 
L−1 dextrose-enriched filtered wastewater. Pichia sp.: c 25 g L−1 dextrose-enriched filtered wastewater; d 45 g L−1 dextrose-enriched filtered 
wastewater. No replicates
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Chang et al. [43] reported similar results to this study, 
in which a S. cerevisiae strain gradually increased its 
consumption rate with glucose concentrations from 
1 to 100  g L−1 in the fermentative media. The authors 
also reported not only a major slowdown at an initial 
substrate concentration of 150  g L−1, but also a signifi-
cant inhibition of the alcoholic fermentation as the ini-
tial glucose concentration was increased up to 260  g 
L−1. This inhibitory effect was attributed to the osmotic 
effect caused by the high glucose concentrations, result-
ing in the slower proliferation of yeast cells, and ethanol 
production. Yet, the latter was not observed in this study, 

as glucose concentration was sufficient to maintain mini-
mal osmotic stress conditions. Santos et al. [44] reported 
a similar glucose uptake rate to this study for Candida 
utilis, exhausting up to 88.9% of the glucose content in 
cachaça vinasse, which contained an initial glucose con-
centration of 3.6 g L−1.

Ethanol production for S. cerevisiae S288C (Fig.  4b) 
and Candida sp. (Fig. 4d) were significantly different as 
the initial glucose concentration and fermentation time 
increased (p ≤ 0.05). The results in this study indicated 
that the highest net ethanol production for both species 
was achieved at 8 h (1.0 and 2.5 g L−1) and 30 h (5.0 g 

Fig. 3  Glucose consumption and ethanol production during microalgal hydrolysate fermentation. a Saccharomyces cerevisiae S288C and b Candida 
sp

Fig. 4  Effect of response variables during microalgal hydrolysate fermentation. Saccharomyces cerevisiae S288C: a Glucose consumption; b ethanol 
production. Candida sp.: c Glucose consumption; d ethanol production
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L−1), respectively. Even though the ethanol produc-
tivity was low in comparison to other studies, mostly 
due to the relatively low initial substrate concentra-
tion, a marked decreased in the ethanol production 
was observed for all tested conditions. This might be 
attributed to diauxic growth, a condition where yeasts 
shift their pathway for energy production to an easily 
available substrate in order to maximize cell growth. 
According to Arroyo-López et  al. [45] and de Smidt 
et al. [46], the ability to accumulate and consume etha-
nol is exclusive to Saccharomyces yeast due to a muta-
tion in an alcohol dehydrogenase enzyme (ADH2) that 
benefits this genre over their competitors during fer-
mentation, by first producing high ethanol levels and 
subsequently respiring it through the gluconeogen-
esis and glyoxylate cycle. The presence of this enzyme, 
especially in S. cerevisiae, is designated as one of the 
main reasons Saccharomyces strains are preferred as 
the principal microorganism for fermentation pro-
cesses. This alcohol-reduction ability has recently been 
reported in non-Saccharomyces yeasts, e.g., Candida, 
Kluyveromyces, Pichia, Dekkera, etc., especially in the 
natural microflora present on grapes, harvesting and 
winemaking equipment [47]. However, the induction of 
this growth is not desirable at large-scale fermentation 
facilities and should be avoided to obtain higher etha-
nol efficiencies.

It is well known that fermentation efficiency is a key 
parameter for the industry. Thus, optimal conditions for 
higher ethanol productivity at a lower glucose consump-
tion rate were assessed through Select Optimal Design 
tool in MINITAB®. Based on the obtained results from 
this analysis, it was determined that the best condi-
tions were found in 5.0 g L−1 batches at a 30-h fermen-
tation time. A summary of the parameters obtained for 
this condition in S. cerevisiae S288C and Candida sp. is 
shown in Table  2, as well as a comparison with similar 
species at slightly similar conditions.

Conclusion
Among the different non-Saccharomyces yeast species 
isolated from a secondary wastewater effluent, only Can-
dida sp. yeast species exhibited similar ethanologenic 
behavior to S. cerevisiae S288C. The identified yeast 
showed not only similar sugar consumption rates to S. 
cerevisiae but a near-to theoretical glucose-to-ethanol 
conversion yields (85%) at 5.0  g L−1 initial sugar con-
centrations. Moreover, alcohol consumption (reduction) 
as a growth substrate was also observed in Candida sp. 
which could be exploited in brewery industries for non-
alcoholic beverages. Overall, this work provides an ini-
tial insight of free-living Candida strains as a fermenting 
microorganism in lab-scale reactors. Further studies are 

suggested to confirm its performance under higher glu-
cose and ethanol concentrations, as well as its tolerance 
to other key parameters during fermentation such as pH, 
temperature, and dissolved oxygen.

Materials and methods
Wastewater characterization
The wastewater used in this study was obtained from 
the secondary settling tank of a municipal wastewater 
treatment plant located in Ciudad Universitaria, Mex-
ico (19°19′14.6"N, 99°10′36.3"W) during the spring in 
2018. Samples were taken in the surrounding turbulent 
flow area of the tank’s outlet pipe and stored in 20-L 
high-density polyethylene containers at 4.0  °C until use. 
In addition, any large, suspended solids were removed 
using 8.0-μm pore size Whatman™ glass microfiber fil-
ters (GE Healthcare Life Sciences, USA). Methods used 
to measure the wastewater physicochemical properties 
are shown in Table  1. All analyses were carried out in 
triplicates.

Microalgae experimental setup
Microalgae cultivation was conducted using a previ-
ously adapted to wastewater microalgae inoculum, 
consisting mostly of Scenedesmus sp., provided by Labo-
ratorio de Ingeniería Ambiental, Instituto de Ingeniería 
UNAM (Universidad Nacional Autónoma de México) as 
described by Oliveira et  al. [52]. The microalgae inocu-
lum was cultured in 5.0-L open-batch polyethylene 
terephthalate photobioreactors (height: 44.0  cm; ratio: 
8.5 cm) with a maximum working volume of 80%. Oper-
ating conditions for each reactor used in this study were 
the following: manual aeration conditions (two times a 
day), temperature from 20 to 25 °C, and illumination pro-
vided by 20 W white light LED lamps (53 μmol m−2 s−1) 
with 12 h light and 12 dark cycles. Microalgae inoculum 
was directly added to wastewater inside the reactors until 
achieving an initial concentration of 300 ± 50 mgTSS L−1.

Harvesting and pretreatment
After a 14-day period, microalgae biomass was harvested 
through centrifugation at 17,670  g using an Avanti® 
J-26S XPI High-Performance Centrifuge (Beckman 
Coulter Inc., USA) for 15  min at 5.0  °C. Then, the har-
vested microalgae slurry was recovered and dried using 
a BE-1449 Spray Dryer (Bowen Engineering Corp., USA) 
with an inlet and outlet temperature of 130 °C and 70 °C, 
respectively. The total sugar (carbohydrate) content was 
determined using the phenol–sulfuric acid colorimet-
ric method as previously described in Table  3. Finally, 
dried microalgae biomass was collected and stored in 
polyethylene containers at room temperature inside 
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an  air-tight  silica gel glass desiccator  for subsequent 
sugar extraction and hydrolysis.

For acidic pretreatment, microalgae biomass (20 
gDW) was diluted in 200  mL of 1.0  M H2SO4 (Sigma-
Aldrich, USA) and placed in a 250-mL round-bottom 
flask attached to a Liebig closed-condenser. The diluted 
biomass was heated to a temperature range of 85–90 °C 
and stirred at 1,200 rpm. Stirring speed and temperature 
were controlled using an RCT Basic Hotplate Magnetic 
Stirrer (IKA®, Germany) for 120  min. A 5.0  M solu-
tion of NaOH was used in order to adjust the pH of the 
medium to 6.5 ± 0.2 (neutralizer). Nonreactive solids 
and other impurities in the hydrolyzed medium were 
removed through centrifugation at 2,163  g for 20  min, 
pre- and post-neutralization. Finally, the sugar extraction 
(Eq. 1) and saccharification yield (Eq. 2) in the hydrolyzed 
medium were calculated as follows:

where the factor 0.9 is referred to as the mass differ-
ence due to the monomer’s hydration after the hydroly-
sis. The sugar content of the residual slurry was measured 
using the phenol–sulfuric acid method as previously 
described. Glucose content in the hydrolyzed medium 
was verified through high-performance liquid chroma-
tography (HPLC). Instrument and chromatographic con-
ditions (Table S1), as well as the calibration curves for the 
tested monosaccharides (Fig S2), are listed in Additional 
file 1. All samples were filtered using 0.20-μm pore size 

(1)

%Ex =

Totalsugarconcentrationintheliquor(g/L)

Initialbiomassload(g/L) ∗ Sugarcontent(%)
· 100

(2)

%Sa =

Glucoseconcentrationintheliquor(g/L) ∗ 0.9

Totalsugarconcentrationintheliquor(g/L)
· 100

sterilized membrane filters (Merck Millipore Co., Ger-
many) and analyses were carried out in triplicates for 
each run.

Identification and selection of ethanologenic yeast
In order to isolate potential ethanologenic wild-type 
yeast, wastewater samples were subjected to serial dilu-
tions in sterilized water. Aliquots from each dilution were 
placed in yeast–peptone–dextrose (YPD) agar plates con-
taining 1.0%w/v yeast extract, 2.0%w/v peptone, 2.0%w/v 
dextrose, and 150 μg mL−1 of chloramphenicol to inhibit 
bacterial growth. The plates were incubated for 48  h at 
28  °C and colonies with uniform yeast-like morphol-
ogy were sampled and streaked onto fresh YPD agar 
plates. An Axiolab.A1 microscope (Carl Zeiss, Germany) 
at × 100 magnification was used in order to observe the 
streaked colonies morphology and purity.

The isolated yeasts were identified by analyzing the 
Internal Transcribed Spacers (ITS) 1 and 2 sequenc-
ing patterns located between the 18S, 5.8S, and 
28S  rDNA  subunits gene cluster. Yeast isolates were 
streaked onto yeast malt, YM, agar plates (Sigma-
Aldrich, USA) and grown at 28  °C for 48  h. DNA was 
extracted from 500  mg of yeast biomass, using Fungal/
Bacterial DNA MiniPrep™ kit (Zymo Research Corp., 
USA) according to the manufacturer’s instructions. The 
ITS regions were amplified from the extracted DNA by 
polymerase chain reaction (PCR) using universal prim-
ers ITS5 (5′-GGA​AGT​AAA​AGT​CGT​AAC​AAGG-3′) 
and ITS4 (5′-TCC​TCC​GCT​TAT​TGA​TAT​GC-3′) as 
previously described by White et  al. [53]. Afterwards, 
the amplified regions were run on a 1.0% agarose gel at 
100  V for 15  min in order to confirm a minimum frag-
ment size of 500 bp. The resulting nucleotide sequences 

Table 3  Characterization of the secondary effluent from a municipal wastewater treatment plant used as culture medium. Analyses 
were performed in triplicate

Parameter (unit) Concentration Method References

Temperature (°C) 26.6 ± 5.60 2550B APHA-AWWA-WPCF [49]

pH 8.2 ± 0.45 4500-H+ B

Turbidity (NTU) 6.7 ± 0.09 2130B

Total suspended solids (TSS) (mg L−1) 26.7 ± 0.02 2540D

Ammonia nitrogen
(NH3-N) (mg L−1)

147.5 ± 1.32 4500-NH3 C

Nitrates
(NO3

−-N) (mg L−1)
33.2 ± 8.72 8039 HACH Co. [50]

Phosphorus as orthophosphates
(PO4

3−-P) (mg L−1)
68.7 ± 2.68 8178

Chemical oxygen demand (COD) (mg L−1) 121.0 ± 3.05 8000

Carbohydrates (CHO)
(mg L−1)

26.0 ± 1.67 Colorimetric Hernández-García et al. [51]
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were edited using the trace viewer and editor software 
Chromas 2.4 to produce a single canonical sequence per 
isolated colony. Sequences were compared to the non-
redundant sequence database at NCBI, National Center 
for Biotechnology Information, with BLAST (Basic 
Local Alignment  Search  Tool). BLAST search results 
were then aligned with the canonical sequence using the 
multi-sequence alignment program CLUSTALW and 
similarities were validated at a 99% query coverage and 
percentage identity.

Each successfully isolated yeast strain was tested for 
fermentation characteristics. First, batches of filtered 
wastewater were enriched with either 25 or 45 g L−1 of 
sterilized anhydrous d-dextrose (J.T. Baker, USA) and 
inoculated with yeast at an initial concentration of 0.100 
OD600. Then, cultures were carried out inside an UNI-
MAX 1010 Orbital Incubator (Heidolph Instruments, 
Germany) at 28 °C and 180 RPM. Finally, parameters such 
as ethanol production and glucose consumption were 
measured using the HPLC method described in Addi-
tional file 1: Table S1. Samples were taken under aseptic 
conditions every three hours for 3 days. Replicates were 
not performed for the fermentation characteristics tests 
due to constant pore blockage of the membrane filters 
with bacteria and other microorganisms during wastewa-
ter filtration.

Alcoholic fermentation assays
The resulting microalgae hydrolysate liquor was enriched 
with ammonia, nitrate and phosphorus sources prior 
to fermentation. Approximately 120.0 ± 5.2  mg L−1 of 
NH4Cl, 20.0 ± 7.61 mg L−1 of NaNO3, and 61.9 ± 2.51 mg 
L−1 of KH2PO4 were added to the hydrolysate in order to 
simulate the nutrient content commonly found in waste-
water. Semi-batch fermentation experiments were per-
formed in 50-mL conical polypropylene tubes (Fisher 
Scientific, UK) using two yeasts strains: Saccharomyces 
cerevisiae S288C (provided by Laboratorio de Genómica 
Facultad de Ciencias, UNAM) and the highest ethanol-
producing yeast species from the previous section. As 
previously described, both species were first grown in 
YEPD broth and washed with sterilized distilled water 
preceding the inoculation.

All fermentation experimental runs were performed 
in duplicates, resulting in 18 experimental runs. The 
design matrix of the three-level factorial design is pro-
vided in the Additional file  1: Fig. S1. Ethanol produc-
tion (X) and glucose consumption (Y) were selected as 
response variables. In contrast, fermentation time (A) 
and initial glucose concentration (B) were evaluated as 
independent factors as A affects the neat ethanol yield 
and acid content in fermenters while B is the limiting 

the fermentation reactions. “A” levels were selected at 
8, 30 and 53 h based on preliminary experiments while 
“B” levels were established at 1.0, 2.5, 5.0  g L−1 due to 
the maximum extracted sugar content determined in the 
hydrolysate liquor.

The fermentations were inoculated with actively prolif-
erating yeast cells in the enriched microalgae hydrolysate 
liquor at an OD600 of 0.100. For each tested condition, 
experimental blanks, consisting of sterilized nutrient-rich 
hydrolysate liquor, were also performed. All experiments 
were incubated at 28  °C and 120 RPM. Glucose con-
sumption was measured using the previously described 
HPLC method while ethanol and acetic acid production 
were determined using the gas chromatography (GC) 
method and calibration curves described as Table S2 and 
Fig. S3, respectively, in the Additional file 1. The ethanol 
yield (Eq. 3) and productivity (Eq. 4) were determined as 
follows:

where 0.511 is the maximum theoretical fraction of 
glucose-to-ethanol conversion according to the Gay-
Lussac stoichiometry, ΔEthanol is the difference between 
the initial and the final ethanol concentrations (etha-
nol produced), and Δt is the time required to reach the 
maximum concentration value of ethanol. Prior to all 
measurements, yeast biomass was removed from the fer-
mentation broth through centrifugation at 13,300  g for 
5.0 min. All analyses were carried out in triplicates.

Statistical analysis
The mean values and standard deviations reported 
in figures and tables were calculated using Microsoft 
Office Excel 2013. Statistical analyses were performed 
using MINITAB® 18 software. The significant dif-
ferences among the results were analyzed through a 
three-level full factorial design followed by Tukey’s test 
(α = 0.05).
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