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Oleaginous fungi natively accumulate large amounts of triacylglycerides (TAG), widely used as precursors for
sustainable biodiesel production. However, little attention has been paid to the diversity and roles of fungal
mixed microbial cultures (MMCs) in sequencing batch reactors (SBR). In this study, a lipid-rich stream produced
in the fish-canning industry was used as a substrate in two laboratory-scale SBRs operated under the feast/famine
(F/F) regime to enrich microorganisms with high TAG-storage ability, under two different concentrations of NaCl
(SBR-N: 0.5 g/L; SBR-S: 10 g/L). The size of the fungal community in the enriched activated sludge (EAS) was
analyzed using 18S rRNA-based qPCR, and the fungal community structure was determined by Illumina
sequencing. The different selective pressures (feeding strategy and control of pH) implemented in the enrichment
SBRs throughout operation increased the abundance of total fungi. In general, there was an enrichment of genera
previously identified as TAG-accumulating fungi (Apiotrichum, Candida, Cutaneotrichosporon, Geotrichum,
Haglerozyma, Metarhizium, Mortierella, Saccharomycopsis, and Yarrowia) in both SBRs. However, the observed
increase of their relative abundances throughout operation was not significantly linked to a higher TAG
accumulation.

production was mainly restricted to the use of edible plant oils (mostly
soybean, canola, or rapeseed), which limited biodiesel production

1. Introduction

Population growth and lifestyle changes have led to higher energy
requirements resulting in a worldwide interest in pursuing novel and
renewable energy sources [1]. In this regard, biodiesel is one of the most
promising sustainable and renewable substitutes for fossil diesel fuel [2]
and is also a substitute for petroleum diesel as feedstock for the synthesis
of chemicals and the manufacture of plastics [3].

The key features of the sustainability and environmental friendliness
of biodiesel are based on its reduced CO, emission levels without
sulphur and aromatic content (reviewed in [2]). Biodiesel is composed
of a mixture of fatty acid alkyl esters produced by trans-esterification of
triacylglycerides (TAG) with short-chain alcohols [4]. Originally, TAG

feasibility due to the high production costs associated with, and the use
of, food and feed commodities [2]. Therefore, different research at-
tempts have been encouraged towards the utilization of lipid-rich wastes
as biodiesel precursors. One of the most promising alternatives is the use
of oleaginous microorganisms (bacteria, filamentous fungi, yeast, and
microalgae) able to accumulate lipids intracellularly to > 20 % of their
dry weight, assimilating different organic sources when they are sub-
jected to an excess of carbon source under the limitation of other nu-
trients [4].

Fungi are considered the most promising microorganisms for the
production of lipids useful in generating biofuels. Oleaginous fungi have
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numerous advantages over other microbes, such as higher accumulation
rates, greater tolerance to metal ions, larger cell size and easier har-
vesting than microalgae and bacteria [4]. Currently, only 30 different
fungal genera and over 50 species have been described as oleaginous
[5], and the lipid accumulating capacity is distributed throughout
Ascomycota, Basidiomycota, and Mucoromycota [5,6]. Fungi use either
hydrophilic or hydrophobic substrates as carbon sources for lipid syn-
thesis, via de novo or ex novo pathways, respectively. Whereas the de
novo pathway requires the limitation of key nutrients other than carbon,
mainly nitrogen [7], the ex novo pathway is independent of the nitrogen
exhaustion of the culture medium [8]. Regardless of the pathway fol-
lowed for the conversion of the carbon substrates into fatty acids, TAG
biosynthesis occurs mainly through the Kennedy pathway (reviewed by
[4] and [9]). The enzymatic reaction considered as the limiting step for
TAG biosynthesis is the dephosphorylation of phosphatidic acid to
produce diacylglycerol [10]. The use of hydrophilic substrates through
the de novo pathway is characterized in several fungal genera, while only
a few (i.e., Yarrowia, Cryptococcus, Rhodosporidium, Geotrichum, and
Trichosporon) accumulate lipids from hydrophobic substrates such as
waste fish oil via the ex novo pathway [8].

Although oleaginous microorganisms constitute an alternative with
great potential, especially in terms of productivity [4], the use of
expensive carbon sources and pure microbial cultures increases pro-
duction costs, making it less attractive and less competitive [11]. In this
regard, research is now focused on the use of low-cost materials for TAG
production, such as the cheap waste streams generated in several
agri-food facilities [12] or fish-canneries [13]. This, along with the use
of open mixed microbial cultures (MMCs) enriched in
TAG-storing-populations, will notably increase the process economic
feasibility [14]. This strategy is also more advantageous than generating
biodiesel directly from lipid-rich wastes, which often have a high con-
tent of free fatty acids that, if not removed by pre-treatment (ideally to a
value < 0.5 %), generate unwanted soaps during homogeneous alkaline
catalyzed transesterification and hamper the purification of biodiesel
[15]. In contrast, microbial biomass can be subjected to in situ lipid
extraction and transesterification to generate biodiesel in a single step,
reducing the total cost by eliminating the extraction and refining pro-
cesses [16]. In addition, TAGs from oleaginous fungi have a fatty acid
composition similar to that of vegetable oils, mainly consisting of C16 to
C18 fatty acids, which are favorable for biodiesel production [17].

The new biotechnological “omic” tools have accelerated the acqui-
sition of knowledge of complex microbial communities in different
ecosystems [18,19]. Nevertheless, little attention has been paid to the
microbial diversity of MMCs as cost-effective producers of TAG from oily
wastes. Moreover, understanding of the relationships between the
operating conditions and the development of the fungal
lipid-accumulating communities is limited.

Recently, the possibility of valorizing a residual fish-canning oily
stream into TAG in lab-scale open systems, under a feast/famine (F/F)
selection strategy was demonstrated [20,21]. Since salinity was previ-
ously reported as a major factor influencing the fungal metabolism [22]
and the structure of the eukaryotic communities in the activated sludge
of fish-canning wastewater treatment plants (WWTPs) [18], two bio-
reactors were operated under different concentrations of NaCl (0.5 or
10 g/L), which fall within the range often found in fish-canning factory
effluents [18]. The present study aimed to investigate the abundance
and diversity of fungal populations in the MMCs enriched in
TAG-accumulating fungi, using qPCR and high-throughput Ilumina
Miseq sequencing, respectively. Links between the biotic data, the
operational variables, and the TAG-accumulation efficiencies were
explored.
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2. Material and methods

2.1. Bioreactor set-up and operation for the enrichment of TAG-
accumulating biomass

Two laboratory-scale (4 L) sequencing batch reactors (SBR) were
operated under the feast/famine (F/F) regime, under two different
concentrations of NaCl (SBR-N, 0.5 g/L, and SBR-S, 10 g/L). A residual
oily stream from the fish-canning industry (see details in Supplementary
Table SI1) was used as the substrate. SBR-N was inoculated with acti-
vated sludge (AS) from an urban WWTP, whereas SBR-S was inoculated
with AS from an industrial WWTP treating saline fish-canning effluents
(10 -15 g NaCl/L), in order to avoid a very long start-up period by using
a microbial community already adapted to the selected salinity level.
Both SBRs were operated in 12 h cycles, exchanging half of their vol-
umes (2 L) at the end resulting in hydraulic and solid retention times of
24 h. At the beginning of each cycle, 114.5 Cmmol of substrate were
added. Also, 2 L of dilution water (Supplementary Table SI2) were
supplied to each SBR at different times, depending on the feeding
strategy. The SBRs were continuously aerated, the temperature was
maintained at 30 + 3 °C, and the pH was controlled off-line by NaHCO3
addition. Full details concerning operation of the reactors were as pre-
viously described [20,21].

SBR-N and SBR-S were operated for 331 and 122 days. Both opera-
tions were subdivided into start-up (NS and SS, for SBR-N and SBR-S,
respectively) plus three analogous operational periods (NI, NII, NIII
for SBR-N, and SI, SII, SIII for SBR-S). These were defined by two
nitrogen-feeding strategies (periods NI and SI vs. NII and SII), and pH
conditions during the famine phase (periods NII and SII (average pH
6.67 and 7.01, respectively) vs. NIII and SIII (average pH 5.70 and 6.59,
respectively)). The operational cycles run in each period and periods’
length are detailed in Supplementary Figure SI1.

2.2. Analytical methods and calculations

The pH was monitored by a pH and Ion meter (GLP22, Crison, Spain).
Total and volatile suspended solids (TSS and VSS, respectively) were
measured according to APHA [23]. Ions were determined by ion chro-
matography (861 Advanced Compact IC, Metrohm, Herisau,
Switzerland), and total nitrogen (TN) was measured by catalytic com-
bustion (TOC-L analyzer with the TNM- module, TOC-5000 Shimadzu,
Kyoto, Japan). Analyses in the soluble fraction (ions and TN) were
performed in centrifuged (Centrifuge 5430, Eppendorf, Hamburg, Ger-
many) and filtered raw samples (0.45 pym pore size, cellulose-ester
membrane, Advantec, Tokyo, Japan).

TAGs were identified and quantified in the lyophilized biomass
samples by gas chromatography (HP innovax column equipped with a
flame injection detector (FID), Agilent, Santa Clara, CA, USA) following
the procedure described by [24]. Commercial calibration standards of
palmitic-, stearic-, oleic-, and linoleic- acids were used (Sigma Aldrich,
St Louis, MO, USA).

2.3. DNA extraction and purification

Enriched activated sludge (EAS) samples (9-332 mL) were periodi-
cally collected and subsample aliquots were immediately stored at
—20 °C. DNA was isolated simultaneously from all the biomass samples
using the FastDNA-2 mL SPIN Kit for Soil and the FastPrep24 apparatus
(MP-BIO, Santa Ana, CA, USA), according to [18,19]. Two independent
biological replicates were used from each sampling time. DNAs were
stored at —20 °C until further use.

2.4. Quantitative polymerase chain reaction (qPCR)

Quantification of total fungi was performed using a quantitative PCR
(qPCR) approach targeting the fungal 18S rRNA gene on a QuantStudio-
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3 Real-Time PCR system (Applied Biosystems, Waltham, MA, USA) using
the primers FungiQuantF (5'-GGRAAACTCACCAGGTCCAG-3') and
FungiQuantR (5'-GSWCTATCCCCAKCACGA) [25]. Reaction mixtures
and cycling conditions are described in [18,26]. Each biological sample
was tested in triplicate in two independent experiments.

2.5. Fungal 18S rRNA gene amplicon sequencing and bioinformatics
workflow

Amplification (two independent replicates per sampling) of the hy-
pervariable V5-V7 region of the 18S rRNA gene was performed using the
same primers as for the qPCR analysis. Raw data from Illumina MiSeq
sequencing were processed using the software Mothur v1.44.1 [27]
according to the MothurMiSeq guidelines (https://mothur.org/wiki/mis
eq.sop/). Paired-end reads combination, primer trimming, quality
filtering, identification of unique sequences, and chimeric analyses were
made according to [18,19]. The resulting sequences were de novo clus-
tered into OTUs (97 % similarity threshold), and only those with an
abundance > 8 sequences (relative abundance (RA) > 0.0001 %) in the
whole data set were considered for later diversity analysis. Finally, the
consensus sequences of each OTU was taxonomically classified through
the blast suite of the Geneious 2021.1.1 software (Biomatters, Auckland,
New Zealand) against the fungal 18S rRNA NCBI database (www.ftp.
ncbi.nlm.nih.gov/blast/db/). Nucleotide sequences were deposited in
GenBank (accession number SUB9070410). The rarefaction curves were
made using the iINEXT software (http://chao.stat.nthu.edu.tw/wo
rdpress/software_download/inext-online/). Simpson and Shannon
biodiversity indexes were calculated according to [28].

2.6. Statistical analysis

The non-parametric Mann-Whitney and Kruskal-Wallis (Conover-
Iman pairwise test) tests were used to explore statistical differences (p <
0.05 significance level) among the corresponding samples using the
XLSTAT v2021.1.1 software (Addinsoft, Paris, France). A nonmetric
multidimensional scaling (NMS) analysis was driven using the PC-ORD
software (Wild Blueberry Media, Corvallis, OR, USA). Correlations
among the relative abundances (RAs) of the main fungal genera (those
with a mean RA > 0.5 %) were calculated using Spearman’s rank cor-
relation coefficients in XLSTAT. Correlations were considered robust if
the absolute value of the coefficient was > 0.7 (p < 0.05), and a co-
occurrence network was constructed using the Fruchterman Reingold
algorithm in the Gephi v0.9.2 software (Gephi Consortium, Paris,
France). Finally, a heatmap of the RAs of the main fungal genera was
constructed using the ward.D method in the R studio v.3.4.1 package
(Rstudio, Boston, MA, USA).

3. Results and discussion

3.1. Summary of operating strategy and TAG accumulation efficiency in
the SRBs

During the start-up and the first operational period in both SBRs (NS,
SS, NI, and SI), carbon and nitrogen sources were added together at the
beginning of each cycle (conventional aerobic dynamic feeding, ADF).
Once the steady-state was reached, mean TAG-accumulations were
15.70 and 12.37 wt% in SBR-N and SBR-S, respectively. In periods NII
and SII, the addition of carbon and nitrogen sources was uncoupled, and
nitrogen availability was limited during the feast phase to evaluate the
effect of the double growth limitation (DGL) enrichment strategy. As a
result, TAG accumulation was sharply reduced compared to periods NI
and SI (7.99 % wt and 3.36 % wt, NII and SII, respectively). Finally, since
many fungi exhibit optimal growth at pH ranging 4-6 [22], the DGL
strategy was combined during periods NIII and SIII with a reduction of
NaHCOs supply, to evaluate its effect on the fungal community structure
and TAG accumulation yields. This resulted in a reduction of pH in NIII
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(5.70 in NIII vs. 6.67 in NII), which restored the TAG-storage capacity in
SBR-N to the level achieved in period NI (16.82 wt% in NIII). However,
not enough acidification was achieved in SBR-S (7.01 vs. 6.50 in SII and
SIII, respectively), hampering TAG-accumulation capacity (2.10 wt% in
SIID) [20,21].

3.2. Abundance of fungal populations in the MMCs

3.2.1. Quantification of 18S rRNA gene copies by gPCR

The fungal 18S rRNA gene copy numbers varied from a non-
detectable level (< 1.00 x 10° gene copies/L of EAS) to 4.10 x 101!
gene copies/L of EAS (Fig. 1). Accordingly, there were high variances in
the absolute abundances of fungi regardless of the NaCl concentration or
the source of inoculum. As this appears to be the first study to quantify
the fungal populations using a qPCR approach in enriched MMCs of
TAG-storing SBRs operated under the F/F regime, comparison with
similar processes cannot be provided. However, the numbers of fungal
18S rRNA gene copies/L of EAS fell within the range previously
described in conventional AS systems treating municipal or industrial
wastewaters (WW) [18,19,26,29].

3.2.2. Effects of the operating conditions on the absolute abundance of
fungi

According to Fig. 1, there were statistical differences in the absolute
abundances of fungal populations in the SBRs among the different
operational periods. Higher abundances were found after the imple-
mentation of the DGL strategy in the NII, SII, NIII and SIII periods. Lower
numbers of 18S rRNA gene copies were found during periods NS, SS, NI
and SI, without statistical differences either between periods NS and NI
or between periods SS and SI. Thus, uncoupling the addition of carbon
and nitrogen sources consistently increased the total abundance of fungi
in both SBRs, a result in agreement with that previously found in an
aerobic granular sludge SBR treating agricultural WW by applying
microscopic techniques [30].

Regarding the comparison between the two bioreactors, statistically
significant differences were also observed. During the start-up, the
highest average numbers were found in period SS compared to NS
(3.13 x 10% and 2.46 x 10° gene copies/L EAS, respectively). However,
by the end of the experiment, the highest counts were observed in the
SBR-N (3.56 x 10'° and 2.36 x 10° gene copies/L EAS for periods NIII
and SIII, respectively). No significant differences were observed between
NI and SI, or NII and SII (Fig. 1).

3.3. Fungal community structure and diversity

3.3.1. OTU richness and biodiversity

The number of high-quality fungal sequences was 7,055,143
(average 76,686 sequences per library) and the total number of OTUs
was 376 (average 45 OTUs per library). The OTU abundance distribu-
tion and classification are shown in Supplementary Table SI3. The
rarefaction curves are displayed in Supplementary Figure SI2. For SBR-
N, the highest number of OTUs and Shannon index values were found in
the NS (Supplementary Table SI4), with no statistical differences for the
other three periods. Simpson index values were higher for the samples
taken during periods NI, NII and NIII, and lower during NS. On the other
hand, the number of OTUs and Shannon index values found in the
samples from the SS and SI periods were higher than those observed
during the SII and SIII periods. Reciprocally, the Simpson index values
were statistically lower for the samples taken in SS and SI, and higher
during SII and SIII. Thus, the richness and evenness of the fungal com-
munity did not register drastic changes after reaching the steady-state in
SBR-N, while the DGL enrichment strategy induced a major trans-
formation of the fungal community in SBR-S. Regarding statistical dif-
ferences in the biodiversity between reactors for a given period, the OTU
richness values in the NS and NII periods were higher than those found
in SS and SII, respectively, while no significant differences were
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Fig. 1. Gene copies of fungal 18S rRNA per L of EAS determined by quantitative PCR in sludge samples (n = 2) retrieved from enrichment SBRs operated under two
concentrations of NaCl (SBR-N: 0.5 g/L; SBR-S: 10 g/L). Lower case letters indicate significant differences among periods for a given reactor according to the Kruskal-
Wallis and Conover-Iman tests (p < 0.05). Capital letters indicate significant differences between reactors for a given period according to the Mann-Whitney

test (p < 0.05).

observed among periods NI and SI or NIII and SIII. Hence, despite the
differences in the origin of the inoculum and the NaCl concentration, the
operating conditions implemented in both reactors strongly shaped the
richness and evenness of the fungal communities, which were similar to
those observed in SBRs treating swine [31] and urban WW [32].

3.3.2. Fungal community structure at the phylum level

Out of 376 different OTUs, a total of 353 (7,040,705 sequences)
belonged to 8 different fungal phyla plus a group of Dikarya sequences
not classified at the phylum level. 23 OTUs (14,438 sequences) were not
classified within the fungal domain and were removed from the analysis.
The RAs of the dominant phyla (RA > 0.1 %) are displayed in Fig. 2 and
Table SI5. Sorted in decreasing order of average RA they were: Asco-
mycota (48.24 %), Basidiomycota (37.00 %), Chytridiomycota (7.39 %),
Mucoromycota (7.03 %), the grouped minority phyla (0.12 %) and un-
classified fungal sequences (0.24 %). The RA of non-classified fungal
OTUs was lower than previously found in other studies that analyzed the
operation of SBRs [31,32].

In general, the fungal community structure at the phylum level was
in agreement with the previously described in WWTPs, including several
full-scale facilities [33-35], and in lipid-accumulating fed-batch cultures
[36].

3.3.3. Fungal community structure at the genus level

The 376 OTUs were distributed into 142 different genera plus the
unclassified sequences group. 20 genera displayed RAs > 0.5 % and
were considered the main dominant genera. Their distribution among
the samples is shown in Fig. 3 and Supplementary Table SI6. These main
dominant genera were, sorted in decreasing RA order: Apiotrichum
(31.24 %), Geotrichum (20.61 %), Candida (15.98 %), Mortierella (6.44
%), Pendulichytrium (6.05 %), Cutaneotrichosporon (1.73 %), Yarrowia
(1.61 %), Fonsecaea (1.55 %), Zasmidium (1.31 %), Hyaloraphidium
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(1.29 %), Wickerhamiella (1.21 %), Schizonella (1.04 %), Metarhizium
(0.91 %), Malassezia (0.85 %), Jimgerdemannia (0.75 %), Clydaea (0.71
%), Classicula (0.66 %), Haglerozyma (0.61 %), Vinositunica (0.59 %),
and Saccharomycopsis (0.55 %).

Altogether, these 20 dominant genera represented more than 95 %
(average 94.40 % per library) of the total fungal sequences, except in the
samples taken at the beginning of the NS and SS periods, in which they
only accounted for 82 % and 32 %, respectivelly. Some of the afore-
mentioned genera, mainly Apiotrichum, Candida, Cutaneotrichosporon,
Geotrichum, Fonsecaea, Malassezia, Mortierella, Wickerhamiella and Yar-
rowia have been found previously as well as dominant members of
fungal communities in WWTPs based on different technologies [18,31,
35-40]. The remaining dominant genera have not been previously
described as main members in any type of WWTP.

Also, it is worth noting that the fungal core of the two SBRs was
restricted to only two dominant genera, Apiotrichum and Candida, whose
cumulative RAs amounted to nearly half of the total fungal community.
Additionally, the different SBR-N samples also shared Cutaneo-
trichosporon, Geotrichum, Hyaloraphidium, and Mortierella, whereas
Malassezia, Wickerhamomyces and Zasmidium were exclusively shared by
samples taken from SBR-S. Thus, a low degree of synchrony at the genus
level was found, in agreement with the results reported previously [18],
where it was found that the fungal core of 4 different fish-canning
WWTPs comprised only 3 of the 82 genera described there. The cumu-
lative RA of the shared genera in each bioreactor was close to 80 %
(77.41 % and 83.20 % in SBR-N and SBR-S, respectively), and thus they
constituted most of the fungal communities.

The co-occurrence networks of each bioreactor are illustrated in
Fig. 4a, b. The resulting network of SBR-N consisted of 21 nodes and 142
edges (88 positives and 54 negatives), representing 34 % of the potential
correlations. Similarly, in the SBR-S, the network was composed of 18
nodes and 96 edges (60 positives and 36 negatives), which corresponded
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Fig. 2. Average relative abundance of dominant fungal phyla (RA > 0.1 %) identified by high-throughput Illumina sequencing in EAS (n = 2) from enrichment SBRs
operated under two concentrations of NaCl: (A) 0.5 g/L NaCl (SBR-N) and (B) 10 g NaCl/L (SBR-S).
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Fig. 3. Average relative abundance of dominant fungal genera (RA > 0.5 %) identified by high-throughput Illumina sequencing in EAS (n = 2) from enrichment SBRs
operated under two concentrations of NaCl: (A) 0.5 g/L (SBR-N) and (B) 10 g/L (SBR-S). The genera underlined have been previously described as TAG accumulators.
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Fig. 4. Co-occurrence network of dominant fungal genera (RA > 0.5 %) sequencing in EAS (n = 2) from SBRs operated under two concentrations of NaCl (SBR-N:
0.5 g/L (A); SBR-S: 10 g/L (B)) using the Fruchterman Reingold algorithm. Size of each node is proportional to the number of interactions; blue and red edges
correspond to positive and negative Spearman’s correlation coefficients, respectively.

to 32 % of the total possible correlations. Hence, similar levels of
complexity were observed between the two SBRs with a predominance
of synergistic interrelationships between fungal genera.

The composition of nodes and edges differed within each network
and, consequently, a different co-occurrence topology among both re-
actors was found. The genera acting as hubs in SBR-N were Candida,
Classicula, Fonsecaea, Geotrichum, Haglerozyma, Metarhizium, Schizonella,
and Vinositunica, while those more densely interconnected in SBR-S
were Candida, Geotrichum, Jimgerdemannia, Malassezia, Metarhizium,
Zasmidium, and the group of minority genera. Metarhizium, Geotrichum,
and Candida acted as keystones in the two reactors, highlighting their
importance in the enriched TAG-accumulating community, according to
their high potential for extensive cooperation and syntrophic in-
teractions in both reactors [41]. It is important to note that Candida,
with a well-known TAG-accumulating capacity as will be further dis-
cussed, was identified as a core genus in both bioreactors. The presence

of Candida in different types of WWTPs has been described earlier [42].
Candida can degrade several pollutants (phenol, n-alkylbenzenes, n-al-
kanes), metabolize crude oils [42], and can synthesize extracellular
polymers beneficial for the bioreactor performance [43]. Therefore,
Candida is a promising tool in TAG synthesis and storage in SBRs, that
can also play essential roles in maintaining the network structure under
the two NaCl concentrations tested.

3.4. Influence of the operating conditions on the fungal community
structure

Statistically significant differences in the RAs of the dominant fungal
phyla were found when comparing either between the operational pe-
riods in the same SBR, or between the two SBRs in the same operational
period (Supplementary Table SI5). In the SBR-N, the RAs of Ascomycota
were significantly higher at the end of the experiment (NIII), while in the
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SBR-S the RA of this phylum was the lowest in period SIII. In contrast,
Basidiomycota reached their significantly lowest RAs in periods NIII and
SS. The RA of Chytridiomycota was significantly higher in the samples
taken during the NS period compared to NI, NII and NIII, while in the
SBR-S, members of this phylum were only detected in low RA (average
2.06 %) during period SI. The RAs of Mucoromycota were significantly
reduced in both SBRs by the end of the experiment (periods NIII and
SIID). These results show that the implementation of the same enrich-
ment strategies did not result in similar modifications of the fungal
community assembly in both reactors.

The heatmap of the RAs of the dominant fungal genera (Supple-
mentary Figure SI3) shows that for each sample, there were prevalent
populations with higher than average RAs. In agreement with the results
described at the phylum level, there were significant differences in the
RAs of the dominant fungal genera among the four operational periods
in each SBR (Supplementary Table SI6). Some of these major genera
were only detectable in one of the SBRs: Classicula, Clydaea, Hagler-
ozyma, Pendulichytrium and Schizonella were exclusively in SBR-N, and
Jimgerdemannia was exclusively in SBR-S. Throughout the four experi-
mental periods, no significant differences were found among the RAs of
Malasezzia and Zasmidium in any of the SBRs, or among those of Cuta-
neotrichosporon, Fonsecaea, Hyaloraphidium, Mortierella, Saccha-
romycopsis, Vinositunica, and Wickerhamiella in the SBR-S.

Three genera alternated as the dominant members of the fungal
community in the SBR-N (Supplementary Table SI6). Geotrichum (25.88
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%) and Apiotrichum (20.16 %) codominated in the NS period, and
although Geotrichum increased its average RA up to 61 % in NI, it was
replaced by Apiotrichum as the major genus in NII (66.57 %), after the
DGL strategy was implemented. Subsequently, when NaCOs addition
was reduced (average pH 5.70), Candida increased its average RA 15-
fold from NII to NIII, concomitantly with a 9-fold reduction in that of
Apiotrichum. In contrast, in the SBR-S, both Candida and Apiotrichum
steadily increased their RAs throughout the SS, SI and SII periods,
cumulatively making up for > 99 % of the total abundance of fungal
OTUs in SII. However, Candida average RA was reduced 10-fold in SIII,
while the fungal community was further enriched in Apiotrichum (47.64
% in SII vs. 77.44 % in SIII). In addition, a reduction of the number of
dominant genera was observed after the application of the DGL strategy
in periods NII and SII.

Regarding the comparison between the two SBRs in each experi-
mental period, significant differences in the RAs of the four major phyla
were more often found, other than during periods NI and SI (Supple-
mentary Table SI5). Accordingly, at the genus level, significant differ-
ences in the RAs of several dominant genera occurred between the two
SBRs in each operational period (Table SI6).

The NMS biplot based on the RAs of the dominant fungal genera
(Fig. 5) shows that the samples retrieved from each SBR were placed
apart. This ordination confirmed that the origin of the inoculum and the
NaCl concentration were major driving forces of the fungal community
structure in both bioreactors, as was earlier depicted in the heatmap
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Fig. 5. Nonmetric Multidimensional Scaling (NMS) ordination of dominant fungal genera (RA > 0.5 %) from EAS (n = 2) from enrichment SBRs operated under two
concentrations of NaCl (SBR-N: 0.5 g/L; SBR-S: 10 g/L), and their links with the abiotic variables influencing the EAS: NaHCO3_feeding (concentration of the
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accumulators.
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displayed in Supplementary Fig. SI3. Several authors have earlier
highlighted that the differences in NaCl concentration within the ranges
applied here influenced the structure of the eukaryotic and prokaryotic
communities in WWTPs [18,44]. The highest RAs of the
TAG-accumulating genera Apiotrichum and Yarrowia were linked to the
samples from SBR-S; hence, these salt-tolerant yeasts [45,46] could
accumulate TAG under NaCl concentrations up to 10 g/L. This result is
in agreement with previous studies [47,48], which concluded that the
addition of NaCl at varying concentrations did not reduce the lipid
accumulation performance of different fungal genera, compared with
cultivation at 0 M NacCl.

The samples were sub-grouped according to the operational periods
for a given SBR. Moreover, the implementation of the DGL strategy led
to a narrower distribution of the samples in both SBRs (NII, NIII, SII, and
SIII periods), due to a stronger selection of the fungal genera that
resulted in a different community structure compared to the samples
retrieved when the conventional ADF strategy was applied (NS, SS, NI,
and SI periods). Thus, the enrichment strategies also modulated the
fungal community structure in both SBRs. Other works have previously
highlighted that the changes of operating conditions are also prime
movers of the fungal community structure and diversity in engineered
systems [49].

The relationships between the changes of the main operating pa-
rameters, the TAG-accumulating capacity, and the RAs of the main
fungal genera revealed several strong correlations (Fig. 5, Supplemen-
tary Table SI7). The reduction of NaHCO3 addition and, subsequently,
the mildly acidic pH at the end of the cycle in the SBR-N, also had an
important effect in the shaping of the fungal community structure
(Supplementary Table SI7). The increase in the RA of Candida observed
in NIII indicated that this well-known TAG-accumulating genus is highly
responsive to changes of pH, which could be linked to the restoration of
the TAG accumulation capacity. On the other hand, not enough acidi-
fication was achieved in the SBR-S during the SIII period, so this strategy
did not favor Candida, which in fact was displaced as the dominant
genus by Apiotrichum. Different genera of fungi previously described as
TAG-accumulators dominated the community in each type of samples.
However, the TAG-accumulation capacity was the variable showing the
weakest relationship with the ordination of the samples based on the
RAs of the dominant fungal genera, according to the small magnitude of
its vector (Fig. 5). Hence, the increase of RAs of particular genera of
oleaginous fungi could not be linked to a higher functionality, under any
of the conditions tested.

3.5. Potential of the dominant fungal genera to contribute to TAG
accumulation in the SBR

In the present study, different genera of oleaginous fungi were
identified in the EAS samples. Apiotrichum (Basidiomycota) is able to
synthesize TAGs from different low-cost industrial substrates [50]. This
genus grows on fats and oils [51], and the ex novo accumulating pathway
has been earlier described [52]. Candida (Ascomycota) is a promising
organism for the synthesis of biodiesel precursors as it stores lipids up to
67 % of its cell dry weight using oleic acid as substrate [53]. Cutaneo-
trichosporon (Basidiomycota) has the ability to utilize several carbon
sources and complex waste materials as feedstocks resulting in a high
yield of lipid synthesis and storage [54]; however, the ex novo pathway
has not been previously recorded in these organisms. The TAG-storage
capacity of Geotrichum (Ascomycota) was described earlier [55], and
its ability to use hydrophobic substrates has also been reported [8].
Metarhizium (Ascomycota) is able to synthesize TAG from glucose and
potassium oleate with an accumulating capacity < 20 % of the cell dry
weight [56]. The mold Mortierella (Mucoromycota) can store lipids
amounting up to 50 % of its hyphal dry weight using carbohydrates and
agricultural wastes [57,58]. However, TAG synthesis and accumulation
using hydrophobic substrates has not been demonstrated yet for this
genus. The teleomorphic yeast Saccharomycopsis (Ascomycota) can
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accumulate TAG up to 50 % of the cell dry weight [59], although others
[60] have described a lower TAG-accumulating capacity for this genus.
The ex novo pathway has not been previously recorded in Saccha-
romycopsis. Finally, the dimorphic yeast Yarrowia is one of the
best-characterized microorganisms able to accumulate lipids through
the ex novo pathway [61], and it is widely used in single culture to
produce TAG [62].

Overall, around 80 % of the total sequences retrieved from the Illu-
mina sequencing belonged to TAG-accumulating genera, regardless of
the bioreactor analyzed. Hence, the use of MMCs under the F/F regime
resulted in a highly functionally organized fungal community with a
substantial selection of TAG-accumulating fungi, regardless of the NaCl
concentration tested and the source of inoculum. This strategy provides
several advantages (relatively fast duplication rate, high metabolic ac-
tivity, and ability to grow on waste substrates) that ease commercial-
scale TAG production [63]. In the present study, higher levels of TAG
accumulation were not correlated to the increased RA of any specific
genus of fungi (Fig. 5). Nonetheless, since several well-recognized
TAG-accumulating genera alternated in dominance in the SBRs’ fungal
community throughout operation, lack of such correlations may be
linked to functional redundancy. Also it should be noted that the
TAG-accumulation was < 20 wt%, thus indicating a low performance of
the TAG-accumulating fungi under the operational parameters
analyzed. Further research is necessary to obtain a highly functional
TAG-accumulating MMC and assess the main operational parameters
that stimulate the TAG accumulation capacities, in order to increase the
yield of the TAG in SBRs using fish-canning oil wastes before the system
scale-up.

4. Conclusions

e Fungal populations reached absolute abundances ranging from
< 10°-10*! 18S rRNA copies/L of EAS during steady-state operation
in the SBRs using waste fish oil as a substrate for TAG accumulation,
regardless of the NaCl concentration or the source of inoculum.
Several fungal genera with the potential to synthesize and accumu-
late biodiesel precursors (TAG) were identified in both SBRs. Those
reaching higher RAs were affiliated to the genera Apiotrichum,
Candida, Cutaneotrichosporon, Geotrichum, Haglerozyma, Metarhizium,
Mortierella, Saccharomycopsis, and Yarrowia.
The implementation of the DGL enrichment strategy in periods NII
and SII decreased the TAG-accumulation capacity of the biomass in
both SBRs. However, TAG-accumulation was successfully restored by
lowering the pH (average pH 5.70) in the SBR-N during the famine
phase. Concomitantly, an increase of the RAs of several genera of
fungi was observed, including Candida, widely reported in previous
literature as able to synthesize and store lipids.
e The genera Apiotrichum and Candida are promising candidates for
future industrial production of biodiesel precursors from fish oil
wastes, since they were core populations in both SBRs.
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