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A B S T R A C T   

Medium- and long-chain fatty acids and glycerol contained in the oily fraction of many food-industry effluents 
are excellent candidates to produce biobased high-value triacylglycerides (TAGs) and polyhydroxyalkanoates 
(PHAs). The typical process configuration for TAGs recovery from lipid-rich streams always includes two steps 
(culture enrichment plus storage compounds accumulation) whereas, for PHAs production, an additional pre
treatment of the substrate for the obtainment of soluble volatile fatty acids (VFAs) is required. To simplify the 
process, substrate hydrolysis, culture enrichment, and accumulation (TAG and PHA storage) were coupled here 
in a single sequencing batch reactor (SBR) operated under the double growth limitation strategy (DGL) and fed in 
pulses with industrial waste fish oil during the whole feast phase. When the SBR was operated in 12 h cycles, it 
was reached up to 51 wt % biopolymers after only 6 h of feast (TAG:PHA ratio of 50:51; 0.423 CmmolBIOP/ 
CmmolS). Daily storage compound production was observed to be over 25% higher than the reached when 
enrichment and accumulation stages were carried in separate operational units. Increasing the feast phase length 
from 6 to 12 h (18 h cycle) negatively affected the DGL strategy performance and hence system storage capacity, 
which was recovered after also extending the famine phase in the same proportion (24 h cycle). Besides, the 
carbon influx during the feast phase was identified as a key operational parameter controlling storage com
pounds production and, together with the C/N ratio, culture selection. The different cycle configurations tested 
clearly modulated the total fungal abundances without no significant differences in the size of the bacterial 
populations. Several PHA and TAG producers were found in the mixed culture although the PHA and TAG 
productions were poorly associated with the increased relative abundances (RAs) of specific operational taxo
nomic units (OTUs).   
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1. Introduction 

The fish-canning industry is responsible for the generation of large 
volumes of high-loaded wastewater streams. In addition to being char
acterized by presenting relatively high salt concentrations, that degrade 
water quality hindering its direct reuse for industrial applications, these 
wastewater streams contain high concentrations of fat, oil, and grease 
(FOG) (Panagopoulos, 2021; Panagopoulos and Haralambous, 2020a, 
2020b). Water pollution caused by these organic compounds has 
become a serious ecological issue. Consequently, several technologies 
(mostly physicochemical methods) have been applied in wastewater 
treatment plants (WWTPs) to separate FOG at the first stage of the 
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treatment to avoid blockages in the infrastructure, and the reduction of 
microbial activity in conventional biological treatment systems (Wallace 
et al., 2017; Yousefi et al., 2021). 

Nowadays, reusing these residual lipids as possible raw materials 
presents high potential because of their disposal necessity, low cost, and 
expected constant increase in the future (Frkova et al., 2020). FOG is 
mainly composed by medium and long-chain fatty acids and glycerol 
(Husain et al., 2014), excellent precursors for the biological production 
of value-added, renewable, biodegradable, and bio-based tri
acylglycerides (TAGs) and polyhydroxyalkanoates (PHAs), the hallmark 
compounds accumulated in eukaryotes and prokaryotes, respectively 
(Alvarez et al., 2013; Garay et al., 2014). Microbial TAGs can be used for 
the production of third-generation biodiesel although they also present 
applications in industries such as agri-food (Bharathiraja et al., 2017) 
and the pharmaceutical (Alvarez and Steinbüchel, 2002). PHAs are 
polymers in the form of polyesters that are expected to substitute con
ventional plastics such as polypropylene (PP) and low-density poly
ethylene (LDPE) due to their similar properties (Kourmentza et al., 
2017). 

To date, lipid-rich waste streams valorization for TAGs and PHAs 
production was mainly focused on the use of pure strains (Chan et al., 
2018; Herrero et al., 2018; Lopes da Silva et al., 2018; Riedel et al., 
2015; Sangkharak et al., 2020; Surendran et al., 2020; Vastano et al., 
2019). Studies concerning mixed microbial cultures (MMCs) are still 
very scarce and generally involve a three-unit process (Campanari et al., 
2017; Gobi and Vadivelu, 2014; Md Din et al., 2006; Waller et al., 2012) 

(PRET/EN/ACC, Fig. 1a): (1) fermentation of the lipid-rich substrate to 
obtain soluble and easily metabolizable organic acids (commonly vol
atile fatty acids (VFAs) suitable for their bioconversion into PHA) 
(PRET); (2) sequencing batch reactor (SBR) for the selection of a MMC 
with a high storage ability (EN); and (3) fed-batch reactor (FBR) for 
storage compounds maximization before their extraction and purifica
tion (ACC). To the best of the authors’ knowledge, only Argiz et al. 
(2021a, 2021b) were able to recover TAGs and PHAs from a lipid-rich 
waste stream using a two-unit process with no need for substrate pre
treatment. The carbon source was directly fed to SBR and FBR reactors, 
and simultaneously hydrolyzed in both units (PRETEN/PRETACC, 
Fig. 1b). 

MMC are usually enriched under aerobic dynamic feeding (ADF) 
conditions in which the culture is subjected to cycles of excess/absence 
of carbon source (feast/famine (F/F) regime) (Kourmentza et al., 2017) 
creating a competitive advantage for those microorganisms capable of 
storing the substrate inside their cells as a reserve (Marang et al., 2016). 
Nonetheless, many industrial wastes/by-products used as feedstocks, 
such as FOG, present high carbon concentrations but a poor nutrient 
content being necessary their supplementation during culture selection 
(Oliveira et al., 2017). In these cases, it is possible to implement the 
double growth limitation strategy (DGL), in which carbon and nutrients 
are fed separately at the beginning of the feast and famine phases, 
respectively. This allows for a faster selection of a more efficient storing 
culture and for a higher intracellular accumulation at the end of the feast 
phase (Lorini et al., 2020; Oliveira et al., 2017; Silva et al., 2017), which 

Fig. 1. Possible process configurations for TAG and PHA recovery using MMC biotechnologies. ACC (accumulation), EN (enrichment), ENACC (enrichment +
accumulation), PRET (pretreatment), PRETACC (pretreatment + accumulation), PRETEN (pretreatment + enrichment), PRETENACC (pretreatment + enrichment +
accumulation). 
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suggests the possibility of simplifying the process contributing towards 
its cost-efficiency. Thus, a separate accumulation unit might no longer 
be required if part of the biomass (with the highest achievable polymer 
content) is already harvested at the end of the feast phase (Kourmentza 
et al., 2017; Marang et al., 2016; Silva et al., 2017). 

Nonetheless, it is necessary to optimize the enrichment at conditions 
maximizing accumulation. Otherwise, downstream-processing costs 
may increase as the maximum intracellular content obtained in the SBR 
is generally much lower than that obtained after the FBR (Marang et al., 
2016). Zeng et al. (2018) studied the possibility of coupling the 
enrichment and accumulation steps in an SBR fed with VFAs (PRE
T/ENACC, Fig. 1b) by the combination of the DGL strategy with the 
so-called feed-on-demand control. Following the fact that pulsed feeding 
strongly improves accumulation due to avoiding the effect of substrate 
inhibition (Albuquerque et al., 2007), the carbon source was fed in small 
pulses during the feast phase based on the oxygen uptake rate. However, 
this feeding strategy might not be suitable when using non-pretreated 
complex substrates such as lipid-rich waste streams. Thus, these pre
sent a high immiscibility in water and a slow diffusivity requiring 
additional time to assure carbon source hydrolysis and its accessibility to 
the culture. Moreover, FOG substrates cause fouling and can ever 
degrade dissolved oxygen (DO) probes limiting their effectiveness when 
using complex control systems such as the one proposed by Zeng et al. 
(2018). 

Therefore, previous studies demonstrated the feasibility on reducing 
the typical MMC valorization process from three to two units (PRETEN/ 
PRETACC, and PRET/ENACC). However, the possibility of coupling 
substrate pretreatment, culture enrichment, and storage compounds 
accumulation in a single reactor was not explored so far. In this research 
work, a lipid-rich waste stream generated in the fish-canning industry 
was valorized in a single-unit process. For that purpose, it was combined 
the DGL strategy with operating the SBR during the feast phase as a 
typical accumulation FBR. That is to say, feeding pulses of small 
amounts of carbon source during an extended period in the absence of 
nitrogen according to DO profiles. Firstly, it was evaluated the feasibility 
of performing in a unique SBR the hydrolysis of the substrate (PRET), the 
enrichment of the culture (EN), and intracellular compounds accumu
lation maximization (ACC), (PRETENAC, Fig. 1c). Then, it was studied 
the effect of the cycle configuration and certain operational parameters 
on the single-unit process performance and the microbial culture di
versity. Also, the structure and total abundance of the bacterial and 
fungal communities were monitored. 

PRETENAC is expected to contribute to rendering TAG and PHA 
production more economically feasible. Thus, it comprises a simplified 
engineering design with reduced costs and easily maintained opera
tional conditions based on the use of MMC biotechnologies in which 
complex feedstocks may be used as carbon sources. 

2. Materials and methods 

2.1. Sequencing batch reactor set-up 

An SBR with a working volume of 10 L was inoculated with activated 
sludge from an urban WWTP located in Santiago de Compostela, Spain. 
This reactor was operated under the F/F regime in cycles of 12, 18, and 
24 h implementing the enrichment DGL strategy via separated carbon 
and nitrogen feedings. 

The carbon source consisted of the oily fraction of a fish-canning 
industry effluent from canned tuna production removed in the pri
mary treatment of the factory WWTP (see the characterization in 
Table SI.1). It was fed in pulses during the whole feast phase to increase 
storage efficiency and avoid substrate inhibition (Albuquerque et al., 
2007; Serafim et al., 2004). Pulses frequency was defined according to 
DO concentration profiles considering the need for carbon source 
addition once the substrate fed in the previous pulse was depleted (DO 
decreases due to carbon source consumption, and once it is depleted, DO 

starts to rise). At the end of the feast phase, half of the volume of the 
reactor (5 L) containing biopolymer-rich biomass was withdrawn, and 
then it was added the same volume (5 L) of a nutrient solution con
taining nitrogen (Table SI.2) heralding the beginning of the famine 
phase. 

The SBR was continuously aerated through a diffuser located at the 
bottom, which granted the complete mixture of the system, and the 
temperature was controlled at 30 ± 2 ◦C by a thermostatic bath (Techne 
Inc. USA). pH-value was controlled offline and maintained at almost 
neutral values by NaHCO3 buffer addition in the nutrient’s solution. 

2.2. Operational periods 

The SBR was operated for 190 days, subdivided into four operational 
periods (I − IV) (Table 1). In periods I − III the substrate was added in 
pulses and different cycle configurations were tested according to feast 
and famine phases length, which determined the total length of the cycle 
(12, 18, or 24 h) and the periods of presence/absence of carbon and 
nitrogen sources. In period IV, the cycle length was 12 h and the feeding 
consisted of a short and single pulse of carbon added at the beginning of 
the cycle. Details concerning cycle configurations can be consulted in 
Fig. SI.1 and Fig. SI.2. 

2.3. Batch experiments 

Batch experiments were set up to evaluate the effect of the amount of 
carbon source added during the feast phase per unit of time and volume 
of the bioreactor (carbon influx, range between 0.97 and 10.62 Cmmol/ 
(L⋅h)), over storage compounds accumulation. 

For that purpose, a 2 L reactor was inoculated with sludge from the 
SBR collected at the end of the famine phase of different cycles of period 
III (once reached the steady-state operation). Except for the variable 
“carbon influx”, these batch experiments were carried out under the 
same conditions as those of the SBR during period III. 

2.4. Sampling and analysis 

For monitoring the SBR operation, the mixed liquor at the end of the 
cycle and the nutrient solution were periodically analyzed. Besides, to 
determine the evolution of the TAGs and PHAs accumulated, samples for 
solid-phase analysis were taken at the end of the feast phase. Regarding 
the SBR cycles characterized, samples were taken during the whole 
cycle. In the feast phase, sampling took place just before the addition of 
each carbon pulse (the same strategy was considered in the batch 

Table 1 
Main operational conditions during periods I − VI.  

Parameter Period I Period II Period III Period IV 

Days of operation Start-up – 
57 

57–95 96–160 161–190 

Cycle length (h) 12 18 24 12 
F/F length (h/h) 6/6 6/12 12/12 6/6 
OLR (g COD/(L⋅d)) 0.72–1.44 0.96 0.60 0.42 
C influx feast phase 

(Cmmol/(L⋅h)) 
1.72–3.44 1.72 1.43 0.50 

C/N (mg C-oleic acid/ 
mg N–NH4

+) 
12.55 ±
0.37 

11.42 ±
0.70 

18.27 ±
1.38 

9.89 ±
0.65 

pH 6.88 ± 0.27 7.37 ± 022 7.61 ±
0.29 

7.80 ±
0.25 

SCOD end cycle (g/L) 92.04 ±
16.98 

128.66 ±
24.00 

72.63 ±
13.01 

71.75 ±
17.91 

TN end cycle (mg/L) 9.67 ± 3.97 15.91 ±
1.81 

5.10 ±
1.49 

5.68 ±
2.14 

VSS end cycle (g/L) 0.38 ± 0.08 0.28 ±
0.08 

0.22 ±
0.07 

0.07 ±
0.02 

C/N (carbon to nitrogen ratio), sCOD (soluble Chemical Oxygen Demand), F/F 
(feast/famine), OLR (Organic Loading Rate), TN (Total Nitrogen), VSS (Volatile 
Suspended Solids). 
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assays). 
Temperature and DO concentrations were measured online by a 

portable multimeter (HQ40d, Hach-Lange, USA), and the pH-value was 
determined by a pH and Ion-Meter (GLP 22 Crison, Spain). Total sus
pended solids (TSS), volatile suspended solids (VSS), total chemical 
oxygen demand (tCOD), and soluble chemical oxygen demand (sCOD) 
were analyzed according to the standard methods for the examination of 
water and wastewater (Yamaguchi et al., 2016). Ions were measured by 
ion chromatography 861 Advanced Compact IC Metrohm, Switzerland), 
and total organic carbon, inorganic carbon, and total nitrogen (TOC, IC, 
and TN, respectively) by catalytic combustion (TOC-L analyzer with the 
TNM-module, TOC-5000 Shimadzu, Japan). CODs, NH4

+, ions, TOC, IC, 
and TN were measured in the soluble fraction after both centrifugation 
(Centrifuge 5430 Eppendorf, USA) and filtration (0.45 μm pore size, 
cellulose-ester membrane, Advantec, Japan) of the raw samples. For the 
substrate characterization, its elemental composition was determined in 
an elemental analyzer (FlashEA 1112 Thermo Scientific, USA), and its 
fatty acids profile by gas chromatography according to ISO 
12966–2:2011 (4.2) fast method and ISO 12966–4:2015. 

To determine the amount and composition of the intracellular 
compounds accumulated, TAGs and PHAs were determined by gas 
chromatography (HP innovax column equipped with a FID, Agilent, 
USA) following the method described by Smolders et al. (1994). For that 
purpose, fresh biomass samples were taken, centrifuged (Centrifuge 
5430 Eppendorf, USA), frozen, and lyophilized to obtain a solid phase. 
The stored compounds were quantified by using commercial calibration 
standards of TAGs (palmitic-, stearic-, oleic, and linoleic-acids) and 
PHAs (copolymer containing 88% 3-hydroxybutyrate (3HB) and 12% 
3-hydroxyvalerate (3HV)) (Sigma Aldrich, USA). 

Analyses were carried out in duplicate for each sample, except those 
concerning the waste substrate characterization, which were performed 
in triplicate. 

2.5. Calculations 

The storage compounds content of the biomass samples was 
expressed in dry weight (wt %) on a mass basis as a percentage of the 
measured VSS. Active biomass (X) concentration was estimated by the 

Fig. 2. (a) Maximum TAG ( ) and PHA ( ) accumulated at the end of the feast phase in different SBR cycles and carbon influx (×). (b) Composition of the 
intracellular compounds accumulated: PHB (□), PHV ( ), Palmitic (■), Stearic ( ), Oleic ( ), Linoleic ( ). 
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difference between the mass of VSS and that of the sum of biopolymers 
accumulated (BIOP = TAGs + PHAs), and it was considered 
CH1.8O0.5N0.2 as its monomer formula (Argiz et al., 2021a, 2021b). 
Maximum specific consumption of carbon substrate and nitrogen (-qS, 
-qN, respectively) and maximum specific production rates of TAG, PHA, 
and biomass (qTAG, qPHA, qX, respectively) were determined from the 
maximum slopes of the curves describing the evolution of the different 
parameters over time. These were expressed as Cmmol/(CmmolX⋅h) 
except for qX, which was referred to the substrate (S) and defined as 
Cmmol/(CmmolS⋅h). Production yields (Y, expressed as Cmmol/Cm
molS) were calculated by dividing the production rates by the substrate 
consumption rates. 

2.6. Microbial analysis 

Samples for microbial analysis were collected from the SBR 
throughout the different operational periods: days 0, 15, 38, 43, and 51 
(period I); 59, 72, 87 (period II); 107, 119, 129 (period III) 171, 183 and 
188 (period IV). These were centrifuged (Centrifuge 54417 R, Eppen
dorf, USA) (20,817 rcf, 1 min), supernatants were discarded, and the 
resulting biomass was frozen and kept at − 20 ◦C. Total deoxyribonucleic 
acid (DNA) content was extracted by the FastDNA SPIN Kit and the 
FastPrep 24-Instrument (MP Biomedicals, Germany). DNA extracts were 
subjected to qPCR and Illumina sequencing for both bacterial 16 S rRNA 
and fungal 18 S rRNA genes. 

Total bacterial and fungal quantifications were made using the 
primers 341 F/534 R (Muyzer et al., 1993) and FungiQuantF/Fungi
QuantR (Liu et al., 2012), respectively. Illumina sequencing was per
formed using the primers Pro341 F and Pro805 R (Takahashi et al., 
2014) and FungiQuantF and FungiQuantR for Bacteria and Fungi, 
respectively. Default settings were used for the bioinformatics process 
through Mothur V1.44.3. Operational taxonomic units (OTUs) were 
assigned at the 97% cut-off level. Singleton OTUs with a relative 
abundance (RA) > 0.0001% were removed for later analysis. Finally, 
taxonomic classifications were made by using the 16 S and 18 S 

ribosomal database from the National Center for Biotechnology Infor
mation (U.S.) using the blast tool of the Geneious Prime v.2019 software 
(Geneious, U.S.). 16 S rRNA and 18 S rRNA sequences retrieved in this 
research work were deposited in GeneBank under the accession number 
SUB10566052. 

3. Results and discussion 

3.1. Single-unit process for simultaneous culture enrichment and storage 
compounds accumulation 

During Period I (start-up – day 57) it was evaluated if culture 
enrichment and intracellular storage maximization could occur simul
taneously in a single SBR fed with non-pretreated waste fish oil. 

Initially, in the start-up (days 0–17), a single substrate pulse was fed 
at the beginning of the feast phase to promote culture acclimation to 
such a complex and hydrophobic substrate. Once observed the typical F/ 
F profile (day 3, 6 operational cycles), the carbon influx was increased 
(from 1.9 to 2.9 Cmmol/(L⋅h) before nitrogen supply). During this start- 
up stage, it was observed a continuous improvement in the system 
storage capacity (Fig. 2a). Thus, between days 2 and 16, intracellular 
accumulation at the end of the feast phase increased from 10.41 ± 0.07 
wt % to 35.42 ± 0.20 wt %, which indicated that the culture was being 
enriched in storing microorganisms, mainly in TAG-producers (the TAG: 
PHA ratio shifted from 42:58 to 65:35). Besides, the feast/cycle length 
ratio was maintained at 0.19 ± 0.07, which also evidenced the enrich
ment of the culture since values lower than 0.25 are associated with 
mixed cultures with a high storage ability rather than with a growth 
response (Dionisi et al., 2005). 

To maintain the system pH-value among neutrality (Table 1) and 
allow for both substrate bioavailability and intracellular TAGs and PHAs 
storage (Argiz et al., 2021a, 2021b), NaHCO3 buffer concentration in the 
nutrient’s solution needed to be progressively adjusted (Fig. SI.3.a). The 
same occurred with nitrogen supply (Fig. SI.3. b), NH4Cl concentration 
in the nutrient’s solution was gradually reduced to the minimum 

Table 2 
Intracellular accumulation, kinetic parameters and yields determined in: (a) 12, 18 and 24 h cycles monitored in the SBR; (b) 12 h batch assays performed during 
period III to test the influence of the carbon influx.  

Parameter Period I (day 43) Period II (day 72) Period III (day 133) 

C influx (Cmmol/(L⋅h)) 3.42 1.71 1.45 
Intracellular storage (wt %) 50.24 ± 0.44 30.75 ± 1.67 45.31 ± 2.18 
HB:HV:PAL:STE:OL:LIN 46:3:6:1:32:12 9:26:9:2:37:17 8:17:8:1:48:18 
qTAG (CmmolTAG/CmmolX⋅h) 0.073 0.020 0.083 
qPHA (CmmolPHA/CmmolX⋅h) 0.088 0.012 0.016 
qBIOP (CmmolPHA/CmmolX⋅h) 0.162 0.032 0.099 
qN (CmmolN/CmmolX⋅h) - 0.001/- 0.012 − 0.006/− 0.010 - 0.001/- 0.005 
qS (CmmolS/CmmolX⋅h) - 0.458 - 0.069 - 0.164 
qX (CmmolX/CmmolS⋅h) 0.002/0.003 0.006/0.064 0.008/0.0105 
YTAG (CmmolTAG/CmmolS) 0.192 0.186 0.489 
YPHA (CmmolPHA/CmmolS) 0.231 0.113 0.097 
YBIOP (CmmolPHA/CmmolS) 0.423 0.299 0.586 
YX (CmmolX/CmmolS) 0.023/0.0.49 0.425/0.390 0.086/0.478  

Parameter Assay 

A B* C D E 

C influx (Cmmol/(L⋅h) 0.97 1.45 3.41 7.12 10.62 
Intracellular storage (wt %) ** 47.05 ± 2.89 45.31 ± 2.18 57.88 ± 1.50 59.21 ± 1.49 54.92 ± 0.065 
HB:HV:PAL STE:OLEI:LIN ** 16:16:8:2:45:15 8:17:8:1:48:18 7:11:9:2:52:19 5:7:11:3:55:20 9:9:11:2:51:20: 
qBIOP (CmmolPHA/CmmolX⋅h) 0.087 0.099 0.161 0.257 0.222 
qN (CmmolN/CmmolX⋅h) 1.789⋅10− 5 4.813⋅10− 4 5.387⋅10− 3 1.072⋅10− 4 3.676⋅10− 5 

qS (CmmolS/CmmolX⋅h) 0.161 0.164 0.0446 0.865 1.193 
qX (CmmolX/CmmolS⋅h) 0.035 0.008 0.003 0.004 0.008 
YBIOP (CmmolPHA/CmmolS) 0.846 0.586 0.402 0.301 0.274 
YX (CmmolX/CmmolS) 0.340 0.086 0.080 0.055 0.120 

* Data from SBR cycle monitored on day 133. 
** Results obtained after 12 h. Biopolymer (BIOP), carbon (C), linoleic (LIN), nitrogen (N), palmitic (PAL), polyhydroxyalkanoates (PHA), hydroxybutyrate (HB), 
hydroxyvalerate (HV), maximum specific production rate (q), stearic (STE), substrate (S), triacylglyceride (TAG), oleic (OL), active biomass (X), maximum 
production yield (Y). 
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amount required for growth to assure nitrogen absence during the feast 
phase and avoid the development of non-storing populations when the 
extracellular substrate was available (Lorini et al., 2020). 

After day 20, waste fish oil was started to be supplied in pulses. 
Pulse’s frequency, and hence the carbon influx during the feast phase 
were adjusted according to DO profiles and gradually increased until 
day 36 reaching a maximum of 3.44 Cmmol/(L⋅h) during the feast phase 
(Table 1). Despite a sharp reduction of the system storage capacity 
immediately after shifting the feeding strategy (Fig. 2a), on day 43 a 
maximum intracellular accumulation of 50.45 ± 0.22 wt % (TAG:PHA 
ratio 49.5:50.5) was observed after 6 h of feast. At this moment, 
maximum production rates of 0.073 CmmolTAG/(CmmolS⋅h) and 0.088 
CmmolPHA/(CmmolS⋅h) with a substrate uptake rate of − 0.458 CmmolS/ 
(CmmolX⋅h) were observed, and yields of 0.192 CmmolTAG/CmmolS, and 
0.231 CmmolPHA/CmmolS were obtained resulting in a total yield of 
0.423 CmmolBIOP/CmmolS (Table 2a). 

Regarding TAGs production using MMC, Tamis et al. (2015) 
demonstrated the possibility of storing TAGs from vegetable oil without 
the need for substrate pretreatment reaching a maximum intracellular 
accumulation of 54.00 wt %. Also, in a previous operation (Argiz et al., 
2021a, 2021b), in which the same lipid-rich substrate was valorized for 
the obtainment of high-value storage compounds using two units 
(PRETEN/PRENACC, Fig. 1b), 12 h of SBR cycle operation plus almost 
30 h of FBR operation were needed to reach 3.33 wt % TAGs and 82.30 
wt % PHAs (1.8 g VSS/L, 0.45 g X/L) when PHAs were the main storage 
compound. When TAGs storage was preferred, 12 h of SBR cycle oper
ation plus 27 additional hours in the FBR were required to accumulate 
39.55 wt % TAGs and 5.8 wt % PHAs (2.1 g VSS/L, 1.1 g X/L). Therefore, 
total maximum productions of 0.88 and 0.67 g BIOP/(L⋅d) were reached 
respectively, whereas in the present study with the single-unit system, 
despite the lower biomass concentration (0.48 g VSS/L, 0.22 g X/L) a 
maximum of 1.21 g BIOP/(L⋅d) was obtained. When comparing each 
storage compound independently, TAG production was slightly higher 
in the single-unit system (0.59 vs 0.61 g/(L⋅d)) and PHA storage was 
almost 30% lower (0.85 vs. 0.59 g/(L⋅d)). 

Therefore, the proposed simplified and compact system (PRE
TENACC) appears as a competitive alternative since, with a lower 
maximum intracellular accumulation, it is possible to obtain a higher 
specific daily production. Nonetheless, following the results obtained, 
increasing the biomass concentration in the system appears as one of the 
main aspects on which future process optimization should be focused. In 
this context, it could be considered the possibility of increasing the cycle 
length, but without compromising the system productivity. Thus, on the 
one hand, lengthening the feast phase would allow for applying higher 
carbon influxes that are expected to increase biomass production. On the 
other hand, lengthening the famine phase would allow for longer pe
riods of internal carbon use for growth in the famine phase offering a 
more successful strategy for survival in conditions of external carbon 
starvation. 

3.2. Effect of cycle length and its configuration 

In this section, shifts in the SBR cycle configuration were explored to 
evaluate the effect of feast and famine phases length over a process in 
which culture enrichment and storage compounds accumulation were 
coupled in the same unit. 

In period II (18 h cycle), the feast phase length was increased from 6 
to 12 h whereas the famine phase was maintained at 6 h. The amount of 
substrate added during the feast phase was the same as the optimum of 
period I (206 Cmmol/cycle) but pulses frequency was reduced by half 
and consequently, the carbon influx during the feast phase decreased 
from 3.44 to 1.72 Cmmol/(L⋅h). The C/N ratio was maintained at similar 
values as those of period I (Table 1). 

During period II, it was observed that carbon and nitrogen uptake 
rates during the feast and famine phases, respectively, decreased in 
comparison with period I (Table 2a) not allowing for their complete 

depletion (Fig. 3b). Therefore, nitrogen was not absent during the feast 
phase of the subsequent cycles and an extracellular carbon source was 
available during the famine, allowing for non-storing populations 
development since both carbon and nitrogen sources were present 
during the whole SBR cycle. As a result, it was observed a reduction in 
the system storage capacity. For example, between days 43 (period I) 
and 72 (period II), maximum intracellular storage decreased from 50.24 
± 0.44 to 30.75 ± 1.67 wt %, and the maximum production yield 
diminished from 0.429 to 0.299 CmmolBIOP/CmmolS. Besides, it was 
detected a higher negative effect over PHA than over TAG producers 
(Fig. 2b). This affected the hydroxybutyrate (HB) fraction to a larger 
extent than the hydroxyvalerate (HV) one. This agrees with the fact that 
TAG synthesis from hydrophobic substrates via ex novo pathway is a 
growth-associated process in which accumulation and growth occur 
simultaneously independently from nitrogen exhaustion in the medium 
(Athenaki et al., 2018). On the contrary, PHA synthesis requires a 
metabolic decision between ATP production or internal carbon storage; 

Fig. 3. Complete 12, 18 and 24 hours SBR cycles characterization. (a) Period I, 
day 43; (b) period II, day 72; (c) period III, day 133. pH (●), X (⸺), TN (◆), 
biopolymers as a sum of TAG + PHA (○), cumulative waste fish oil added (■). 
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and if carbon use for growth is not nitrogen or O2 limited, internal 
[NADH]/[NAD+] ratios are not expected to be high blocking PHA syn
thesis (Argiz et al., 2022). Besides, in this research work, it was observed 
that the HB fraction decreased becoming insignificant at the end of 
period II whereas the HV one increased (Fig. 2b). This matches with the 
fact that higher nitrogen concentrations lead to a higher HV fraction in 
PHA polymers (Alsafadi et al., 2020; Ferre-Guell and Winterburn, 2017). 

In period III, to recover the system storage capacity, the cycle 
configuration was modified to assure carbon and nitrogen sources 
depletion during the feast and famine phases, respectively. For that 
purpose, the feast phase length was maintained at 12 h, but the carbon 
supply was stopped 2 h earlier (Fig. SI1.c) reducing the carbon influx 
during the feast from 1.72 to 1.43 g Cmmol/(L⋅h) between periods I and 
II (Table 1). Besides, the famine phase length increased from 6 to 12 h 
and the nitrogen supply was readjusted to assure the minimum supply 
required for growth (Fig. SI.3. b). After switching the system configu
ration, it was possible to limit carbon and nitrogen availability during 
the feast and famine phases, respectively (Fig. 3c) leading to an increase 
in the culture storage capacity (Fig. 2a). Thus, this reduced the pressure 
towards carbon oxidation for ATP and storing populations were pushed 
towards intracellular compounds production (Argiz et al., 2022). For 
example, between days 72 (period II) and 133 (period III) intracellular 
storage increased from 30.75 ± 1.67 to 45.31 ± 2.18 wt % at the end of 
the feast phase adding a lower organic load (production yields of 0.299 
and 0.586 CmmolBIOP/CmmolS were obtained, respectively). Also, ni
trogen limitation led to a slight increase in PHA production and to the 
reappearance of the HB fraction, which suggests the unblocking of PHA 
production pathways (Fig. 2b). 

The influence of the cycle length on TAG production was not pre
viously reported. Regarding PHA production, it was explored the effect 
of different cycle lengths when using easy metabolizable carbon sources 
as a substrate and the authors agreed that although increasing the cycle 
length raises the PHA content of the harvested biomass, it does not 
ensure the selection of a culture with the highest storage capacity and 
productivity (Jiang et al., 2011; Marang et al., 2016; Valentino et al., 

2014). This trend in the increase of the PHA content, although not very 
significant, was also observed here when the cycle length was increased 
from 18 to 24 h between periods II and III. 

3.3. Effect of the carbon influx during the feast phase 

With the biomass from period III, it was studied the effect on bio
polymers production of the carbon influx (from 0.97 to 10.62 Cmmol/ 
(L⋅h)) during the feast phase (12 h long). 

Among carbon influxes tested, maximum intracellular accumulation 
after 12 h was observed when 7.12 Cmmol/(L⋅h) was fed to the system 
(assay D) (Fig. 4. a; Table 2b). Specific biopolymers production was also 
the highest, but the production yield was considerably lower in com
parison with smaller substrate influxes (Fig. 4b). Besides, about 440 mg 
sCOD/L were measured at the end of the feast phase (Fig. 4c), leading to 
high extracellular substrate availability at the beginning of the famine, 
which would affect the MMC enrichment in a long-term operation. 

It was also observed that higher carbon influxes favoured TAG 
storage and vice-versa. The highest intracellular storage of TAG and 
PHA were obtained when feeding 7.12 and 0.97 Cmmol/(L⋅h), respec
tively (Fig. 4, Table 2). This agrees with the fact that under fast rates of 
carbon feed, the conversion of carbon into PHA becomes rate-limiting, 
giving an advantage to the faster synthesis of TAG. Thus, TAG accu
mulation appears as a simpler process than PHA synthesis (Argiz et al., 
2022). 

Regarding previous studies, it was not found any research work 
concerning the effect of applied carbon influxes over TAG accumulation. 
However, the organic loading rate (OLR) effect over PHA accumulation 
was widely studied and, in general, it was observed that although the 
optimum varies, applying too high values can increase biomass pro
duction but can also extend the duration of the feast phase, reducing 
selective pressure and hence biopolymer production (de Oliveira et al., 
2019; Dionisi et al., 2006). This fact correlates with the decreasing PHA 
accumulations observed when increasing the carbon influx (Fig. 4. a, 
Table 2b). 

Fig. 4. Influence of the carbon influx during the feast phase over (a) intracellular TAG (Δ) and PHA (○) accumulation; (b) maximum specific production rates and 
production yields qTAG (● ⸺⸺), qPHA (● —), YTAG (▴⸺⸺), YPHA (▴ —); (c) sCOD (■) concentration and pH (◊); (d) TN (⸺⸺) and VSS (×) concentrations. Tested 
carbon influxes in assays A – E (Cmmol/(L⋅h)): A 0.97 (—), B 1.45 (⸺⸺), C 3.48 (⋅⋅⋅), D 7.12 (—), E 10.62 (⸺⸺). 
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3.4. Effect of the C/N ratio 

It is well known that when growing on limiting concentrations of 
nitrogen with excess carbon (higher C/N ratios) not only TAG producers, 
but also PHA ones stop their replication processes and accumulate 
intracellularly the available external carbon (Garay et al., 2014). For this 
reason, although optimal C/N ratios widely vary with the culture 
composition and type of carbon source used, high C/N ratios are ex
pected to favor both accumulation processes (Carsanba et al., 2018; 
Patel and Matsakas, 2019; Pozo et al., 2011; Wang et al., 2007). How
ever, in this research work, in which TAG and PHA storing microor
ganisms coexist within the community, the C/N ratio seems to play an 
important selective role. It was observed a positive correlation between 
the increase in the C/N ratio and the increase in the TAG storage at the 
end of the feast phase (Fig. SI.4), which was not so clear in the case of 
PHA accumulation. 

Between periods III and IV both the carbon influx and the C/N ratio 
were reduced drastically (Table 1) by feeding a single and small pulse of 
the substrate at the beginning of the cycle. As expected, the reduction of 
substrate supply led to biomass washout in the system (Fig. SI.3c), and 
intracellular storage at the end of the feast phase notably decreased 
(Fig. 4a). Nonetheless, TAG producers were observed to be more 

affected than PHA ones. Thus, between days 133 (period III) and 185 
(period IV), TAG storage at the end of the feast phase was reduced by 
73% whereas PHA accumulation was reduced by less than 60%, and the 
TAG:PHA ratio varied from 74:26 to 66:34. This fact matches with the 
fact that lower carbon influxes (see section 3.3 Effect of the carbon influx 
during the feast phase) and higher C/N ratios (Fig. SI.4) favor PHA and 
TAG storage, respectively. 

When the carbon influx during the feast phase was reduced by half 
between periods I and II maintaining similar relatively high C/N ratios 
(Table 1), PHA producers were affected the most. For example, between 
days 44 (period I, 3.44 Cmmol/(L⋅h), 12.25 g C/g N–NH4

+) and 71 
(period II, 1.72 Cmmol/(L⋅h), 11.63 g C/g N–NH4

+) TAG production 
decreased by 22% whereas PHA accumulation diminished by 52% 
(Fig. 4a). Therefore, despite reducing the carbon influx, maintaining a 
high C/N ratio led to a lower decrease of the system TAG than PHA 
storage ability. 

When the C/N ratio was increased but reducing the carbon influx 
(periods II vs III, Table 1) while PHA production was almost maintained, 
TAG storage increased by 44% between days 71 (period II, 1.72 Cmmol/ 
(L⋅h) g COD/L⋅h, 12.25 g C/g N–NH4

+) and 133 (period III, 1.43 Cmmol/ 
(L⋅h), 18.58 g C/g N–NH4

+) (Fig. 4a). This fact evidences the positive 
effect of higher C/N ratios over TAG storage and suggests that the se
lective pressure exerted by this parameter is even stronger than the one 
caused by the carbon influx. 

In contrast to the observed in this research work, previous studies 
concerning TAG accumulation from hydrophobic carbon sources 
showed that the effect of the C/N ratio on microbial growth and TAG 
storage was not observed to be such important as this is a growth- 
associated process (Patel et al., 2019). However, regarding PHA, 
although optimum values were observed to widely vary, authors agreed 
that high C/N ratios clearly favoured PHA production (Sánchez Valencia 
et al., 2021; Silva et al., 2021; Wang et al., 2007). Therefore, the coex
istence of TAG and PHA producers within the community may play a 
role in the effect of the C/N ratio over preferential TAG or PHA storage. 

3.5. Microbial community analysis 

3.5.1. Bacterial and fungal abundance 
Total abundances ranged from 4.23 × 1010 to 2.49 × 1012 bacterial 

16 S rRNA gene copies/L of sludge and 3.18 × 1012 to 1.58 × 1013 fungal 
18 S rRNA gene copies/L of sludge (Fig. 5). Although both populations 
showed variances in their magnitudes, the abundance of Fungi oscillated 
up to 5 orders. Significant differences were found in the total abun
dances of the fungal populations throughout the SBR operation (the 
highest in periods III and IV, and the lowest in the inoculum and period 
I). Regarding Bacteria, no significant differences were detected among 
periods I − IV and the highest values of the 16 S rRNA gene copies were 
found in the inoculum. Therefore, while the different cycle configura
tions did not influence the total abundances of Bacteria, clearly 
increased the fungal ones. 

3.5.2. Bacterial and fungal diversity 
It was obtained 1,554,177 high-quality sequences for Bacteria and 

2,226,145 for Fungi distributed into 1180 and 117 OTUs, respectively 
(Table SI.3; Table SI.4). As a consequence of the selection strategies 
implemented in the SBR, both bacterial and fungal diversity richness, 
determined as the OTUs’ numbers, notably decreased (Table SI.5). 
Nonetheless, the Bray-Curtis analysis (Fig. SI.5) showed higher differ
ences in the bacterial community than in the fungal one due to the over- 
domination of the fungal OTUF001 (Saprochaete) after day 51. There
fore, although both communities were selected in some way, those 
variations implemented in the cycle configuration among the different 
operational periods affected the fungal community to a larger extent. 

3.5.2.1. Communities structure and storage ability. The 1180 bacterial 

Fig. 5. Number of copies/L activated sludge for the bacterial (a) and fungal (b) 
18S rRNA determined by quantitative PCR in the biomass samples retrieved 
from the SBR. According to the Kruskal-Wallis and Conover-Iman tests 
(p < 0.05), different lowercase letters indicate significant differences 
among periods. 
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OTUs were distributed into 27 different phyla, 8 of them considered as 
dominant (relative abundance (RA) > 0.5%) plus a group of minority 
phyla. Sorted in decreasing order of average RA they were: Proteobac
teria (62.19 ± 3.12%, subdivided in Betaproteobacteria (24.06 ± 2.31%), 
Alphaproteobacteria (13.08 ± 1.43%), Gammaproteobacteria (12.26 ±
1.82%), Deltaproteobacteria (8.37 ± 1.21%), and Oligoflexia (4.34 ±
1.12%)), Bacteroidetes (20.02 ± 1.67%), Actinobacteria (6.12 ± 0.89%), 
Cyanobacteria (4.79 ± 1.08%), Verrucomicrobia (1.83 ± 0.38%), Firmi
cutes (1.81 ± 0.49%), Minority phyla (1.27 ± 0.28%), Chloroflexi (1.21 
± 0.80%), and Acidobacteria (0.81 ± 0.39%) (Fig. 6, Table SI.6). 

At the OTU level, there were 24 bacterial major OTUs (average RAs 
>0.5%) (Fig. 7, Table SI.7): OtuB0001 (Curvibacter, 8.69 ± 2.83%), 
OtuB0002 (Pseudacidovorax, 7.35 ± 1.39%), OtuB0003 (Kofleria, 4.91 
± 1.21%), OtuB0004 (Gordonia, 4.90 ± 0.84%), OtuB0005 (Pseudox
anthobacter, 4.27 ± 1.14%), OtuB0006 (Calothrix, 3.76 ± 1.01%), 

OtuB0007 (Acinetobacter, 2.98 ± 0.84%), OtuB0008 (Epilithonimonas, 
2.89 ± 0.77%), OtuB0009 (Thalassotalea, 2.57 ± 0.68%), OtuB0010 
(Flectobacillus, 2.44 ± 0.59%), OtuB0011 (Runella, 2.12 ± 0.43%), 
OtuB0012 (Aquabacterium, 2.03 ± 0.70%), OtuB0013 (Labilithrix, 2.03 
± 0.91%), OtuB0014 (Pseudomonas, 2.02 ± 0.86%), OtuB0015 (Oligo
flexus, 2.00 ± 0.78%), OtuB0016 (Pedobacter, 1.83 ± 0.69%), OtuB0017 
(Bdellovibrio, 1.53 ± 0.57%), OtuB0018 (Stanieria, 1.33 ± 0.69%), 
OtuB0019 (Herbaspirillum, 1.33 ± 0.34%), OtuB0020 (Glaciimonas, 1.29 
± 0.70%), OtuB0021 (Ohtaekwangia, 1.25 ± 0.63%), OtuB0022 (Spi
rosoma, 1.19 ± 0.51%), OtuB0023 (Agitococcus, 1.00 ± 0.60%), 
OtuB0024 (Cloacibacterium, 1.00 ± 0.45%), plus the hotchpotch group 
of the minority bacterial OTUs (34.37 ± 3.66%). Among these dominant 
bacteria, the following were previously described as capable of storing 
PHA: Acinetobacter (Gammaproteobacteria) (Anburajan et al., 2019), 
Calothrix (Cyanobacteria) (Kaewbai-ngam et al., 2016), Glaciimonas 

Fig. 6. RA of dominant bacterial (a) and fungal (b) OTUs (RA > 0.5 %) obtained by Illumina high-throughput sequencing in biomass samples retrieved from the SBR.  
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(Betaproteobacteria) (Kumar et al., 2020), Herbaspirillum (Betaproteo
bacteria) (Catalán et al., 2007), and Pseudomonas (Gammaproteobacteria) 
(Song et al., 2008). Besides, other genera have been identified in the 
literature as dominant in PHA-accumulating SBR fed with glycerol 
(Gordonia (Actinobacteria) (Burniol-Figols et al., 2018), and Ohtaek
wangia (Bacteroidetes) (Wen et al., 2021)) and several low-cost substrates 
such as fish-canning residues (Epilithonimonas (Bacteroidetes) (Argiz 
et al., 2021a, 2021b)), urban waste (Runella, (Bacteroidetes) (Crognale 
et al., 2019)), dairy manure (Aquabacterium, (Betaproteobacteria) (Coats 
et al., 2016), paper industry waste (Pedobacter (Bacteroidetes) (Ferreira 
et al., 2016)), and lignocellulosic biomass (Spirosoma, (Bacteroidetes) 
(Yan et al., 2021)). Besides, although TAG is mainly biosynthesized by 
Fungi (Garay et al., 2014), some bacterial strains can also accumulate 
lipids. In this research, two of the dominant bacteria present in the 

culture (Gordonia (Actinobacteria) and Cloacibacterium (Bacteroidetes)) 
were reported in the literature as capable of storing TAG (Chen et al., 
2021; Gouda et al., 2008). Also, it was observed that different diazo
trophic bacterial OTUs turned statistically higher when a low C influx 
was imposed (period IV vs. period III): OtuB0002 (Pseudacidovorax) (Liu 
et al., 2014), OtuB0007 (Acinetobacter) (Chaudhary et al., 2012), 
OtuB0014 (Pseudomonas) (Yan et al., 2008), and OtuB0019 (Herbaspir
illum) (Chubatsu et al., 2012). Results match with the fact that while 
higher carbon availabilities favor those microorganisms capable of 
metabolizing lipids faster (TAG producers), lower carbon influxes may 
be a selective advantage for PHA producers (see section 3.3. Effect of the 
carbon influx during the feast phase). 

The 117 fungal OTUs belonged to 5 different phyla, which sorted in 
decreased order of RA were: Ascomycota (82.05 ± 5.24%), 

Fig. 7. RA of dominant bacterial (a) and fungal OTUs (b) (RA > 0.5 %) obtained by Illumina high-throughput sequencing in biomass samples retrieved from the SBR.  
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Basidiomycota (10.35 ± 3.38%), Chytridiomycota (6.62 ± 1.97%), 
Mucoromycota (0.96 ± 0.47%), Cryptomycota (0.01 ± 0.01%), and 
Olpidiomycota (0.01 ± 0.01%) (Fig. 6, Table SI.8). Out of the 117 fungal 
OTUs, 10 were considered as major (Fig. 7, Table SI.9): OtuF0001 
(Saprochaete, 73.36 ± 7.28%), OtuF0002 (Apiotrichum, 6.34 ± 2.67%), 
OtuF0003 (Dipodascus, 3.88 ± 1.97%), OtuF0004 (Dipodascus, 3.02 ±
0.98%), OtuF0005 (Kappamyces, 2.88 ± 1.36%), OtuF0006 (Papilio
trema, 1.95 ± 0.73%), OtuF0007 (Hyaloraphidium, 1.77 ± 0.64%), 
OtuF0008 (Cutaneotrichosporon, 0.95 ± 0.65%), OtuF0009 (Kappa
myces, 0.94 ± 0.65%), OtuF0010 (Clydaea, 0.71 ± 0.49%), and the 
group of minority fungal OTUs (4.20 ± 2.11%). Among these dominant 
OTUs, the following genera have been previously described in the 
literature as TAG producers: Apiotrichum (Basidiomycota) (Qian et al., 
2021), Cutaneotrichosporon (Basidiomycota) (Awad et al., 2019), Dipo
dascus (Ascomycota) (Smith et al., 2003), and Papiliotrema (Basidiomy
cota) (Moreira Vieira et al., 2020). Also, some species of Saprochaete 
(Ascomycota) were formerly taxonomically classified within the genus 
Geotrichum, a well-known TAG-accumulation yeast (Diwan and Gupta, 
2020). Although there are no data available reporting its TAG produc
tion, the high intracellular TAG accumulations obtained once this OTU 
turned dominant (Fig. 7, Table 2) suggests that Saprochaete presents a 
high TAG-storage ability. 

There were several statistical differences for the RAs of the dominant 
bacterial and fungal phyla among periods I − IV (Table SI.6; Table SI.8), 
which confirms that the operational conditions applied in the SBR 
resulted in a significant selection of the microbial communities. 

The Spearman correlation test showed that the total abundance of 
Bacteria or Fungi could not be correlated with PHA or TAG storage 
(Table SI.10). Also, it demonstrated that only OtuF0003 (Dipodascus), 
OtuF0006 (Papiliotrema), and OtuF0007 (Hyaloraphidium) were positive 
and significantly correlated with TAG-accumulation. No positive cor
relations were found between PHA accumulation and the RAs of any of 
the dominant OTUs. Besides, only OtuB0008 (Epilithonimonas) and 
OtuB0012 (Aquabacterium) showed negative correlations with PHA and 
TAG accumulation, respectively. Therefore, PHA and TAG storage levels 
were poorly associated with the increased RAs of specific OTUs, sug
gesting a functional redundancy in both TAG and PHA biosynthesis 
pathways. Therefore, further research is necessary to assess the 
expression of the key genes concerning TAG and PHA synthesis path
ways of the dominant OTUs here described. 

3.5.2.2. Interactions between communities. The co-occurrence network 
constructed to evaluate the interactions between bacterial and fungal 
communities (Fig. SI.6) consisted of 35 nodes (OtuB0018 (Stanieria) did 
not present any significant correlation with the remaining dominant 
OTUs) and 284 edges representing 22.54% of the potential correlations. 
The number of significant interactions was 92 between dominant bac
terial OTUs (32.40% of the total interaction), 72 between dominant 
fungal OTUs (25.35%), and 120 between bacterial and fungal OTUs 
(42.35%). Therefore, the network showed abundant synergistic in
terrelationships between bacterial and fungal communities, which favor 
the adaptation to environmental changes (Layeghifard et al., 2017) like 
the different pressures imposed when varying the SBR cycle configura
tion. Except for OtuB0003 (Kofleria, 5 positives, and 9 negatives), all the 
OTUs with a high level of syntrophic interactions have potential accu
mulative roles being pivotal players in maintaining the structure of the 
storing community (Qian et al., 2019) (OtuF0002 (Apiotrichum, 11 
positives, and 7 negatives), OtuF0001 (Saprochaete, 8 positive and 9 
negatives), OtuF0006 (Papiliotrema, 8 positives, and 8 negatives), mi
nority fungal Otus (7 positives and 8 negatives), OtuB0021 (Ohtaek
wangia, 6 positives, and 8 negatives), and OtuF0004 (Dipodascus, 8 
positives, and 6 negatives). 

4. Conclusions 

This research work demonstrated feasibility in the production of 
value-added storage compounds from a non-pretreated lipid-rich waste 
stream using a single-unit process (PRETENACC) in which pretreatment, 
enrichment, and accumulation stages were coupled in a unique SBR. 
This study led the way for a competitive lipid-rich effluents valorization 
in the frame of a circular economy model. PRETENAC appears as a 
simplified and more economically feasible alternative that can be used 
for the transformation of high-loaded lipid-rich streams, like those 
generated in several food industries, into valuable compounds (TAGs 
and PHAs). Maximum intracellular storage of 51 wt % (TAG:PHA ratio 
of 50:51) and a production yield of 0.423 CmmolBIOP/CmmolS were 
reached after only 6 h of feast phase when the system was operated 
under 12 h cycles resulting in a higher daily biopolymer production than 
the obtained in a previously operated two-stage process when using the 
same substrate. Also, certain parameters were observed to play an 
important role in the single-unit process performance: feast and famine 
phases length, the carbon influx, and the C/N ratio. Regarding the mi
crobial community structure, while variations in the operational con
ditions were observed to modulate the fungal one, the bacterial 
community was not found to be affected. 

Therefore, given the great potential of PRETENAC process, the next 
step is to increase the degree of maturity of the biotechnology by moving 
on to pilot-scale to validate its performance and evaluate its technical, 
economic, and environmental feasibility. 
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Science of the Total Environment Valorization of lipid-rich wastewaters : a 
theoretical analysis to tackle the competition between polyhydroxyalkanoate and 

L. Argiz et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.jenvman.2022.115433
https://doi.org/10.1016/j.jenvman.2022.115433
https://doi.org/10.1016/j.jbiotec.2007.05.011
https://doi.org/10.1016/j.jbiotec.2007.05.011
https://doi.org/10.1002/mbo3.1055
http://refhub.elsevier.com/S0301-4797(22)01006-4/sref3
http://refhub.elsevier.com/S0301-4797(22)01006-4/sref3
http://refhub.elsevier.com/S0301-4797(22)01006-4/sref3
https://doi.org/10.1007/s00253-002-1135-0
https://doi.org/10.1007/s00253-002-1135-0
https://doi.org/10.1016/j.biortech.2019.122062
https://doi.org/10.1016/j.biortech.2019.122062


Journal of Environmental Management 317 (2022) 115433

12

triacylglyceride-storing populations. Sci. Total Environ. 807, 150761 https://doi. 
org/10.1016/j.scitotenv.2021.150761. 

Argiz, Lucia, Gonzalez-Cabaleiro, R., Correa-Galeote, D., Val del Rio, A., Mosquera- 
Corral, A., 2021a. Open-culture biotechnological process for triacylglycerides and 
polyhydroxyalkanoates recovery from industrial waste fish oil under saline 
conditions. Separ. Purif. Technol. 270, 118805 https://doi.org/10.1016/j. 
seppur.2021.118805. 
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