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A B S T R A C T   

Biodegradable and biobased surface active agents are renewable and environmentally friendly alternatives to 
petroleum derived or oleochemical surfactants. However, they are accompanied by relatively high production 
costs. In this study, the aim was to reduce the production costs for an innovative type of microbial biosurfactant: 
bolaform sophorolipids, produced by the yeast Starmerella bombicola ΔsbleΔat. A novel continuous retentostat 
set-up was performed whereby continuous broth microfiltration retained the biomass in the bioreactor while 
performing an in situ product separation of bolaform sophorolipids. Although a mean volumetric productivity of 
0.56 g L− 1 h− 1 was achieved, it was not possible to maintain this productivity, which collapsed to almost 0 g L− 1 

h− 1. Therefore, two process adaptations were evaluated, a sequential batch strategy and a phosphate limitation 
alleviation strategy. The sequential batch set-up restored the mean volumetric productivity to 0.66 g L− 1 h− 1 for 
an additional 132 h but was again followed by a productivity decline. A similar result was obtained with the 
phosphate limitation alleviation strategy where a mean volumetric productivity of 0.54 g L− 1 h− 1 was reached, 
but a productivity decline was also observed. Whole genome variant analysis uncovered no evidence for genomic 
variations for up to 1306 h of retentostat cultivation. Untargeted metabolomics analysis identified 8-hydroxygua-
nosine, a biomarker for oxidative RNA damage, as a key metabolite correlating with high bolaform sophorolipid 
productivity. This study showcases the application of a retentostat to increase bolaform sophorolipid produc-
tivity and lays the basis of a multi-omics platform for in depth investigation of microbial biosurfactant pro-
duction with S. bombicola.   

Introduction 

The planet is experiencing prominent climate changes. Hence, the 
global economy must reduce its dependency on fossil fuels and focus on 
renewable resources, e.g. by shifting to biobased products [1]. Shifting 
from surfactants to biosurfactants is a prime example of the transition 

towards an environmentally and economically sustainable future. The 
international biosurfactant market reached $1.74 billion in 2019 and is 
predicted to attain $2.58 billion by 2026 [2]. Microbial biosurfactants 
attracting both academic and industrial interest include sophorolipids 
(SLs). SLs are glycolipids with (potential) applications in cleaning, cos-
metics, enhanced oil recovery, the food and feed industry, crop 

Abbreviations: SL, sophorolipid; bola SL, bolaform sophorolipid; ISPR, in-situ product recovery; MVP, mean volumetric productivity; RET1, retentostat 1; RET2, 
retentostat 2; YE, yeast extract; gDNA, genomic DNA; UHPLC, ultra-high performance liquid-chromatography; HRMS, hybrid quadrupole-Orbitrap high-resolution 
mass spectrometry; QC, quality control; HP1, high bola SL production phase 1 of RET1; PD1, bola SL productivity decline phase 1 of RET1; HP2, high bola SL 
production phase 2 of RET1; PD2, bola SL productivity decline phase 2 of RET1; PCA-X, principal components analysis-X; OPLS-DA, orthogonal partial least squares 
discriminant analysis; VIP, variable importance in projection; 8-OHG, 8-hydroxyguanosine; FB, fed-batch phase; FB1, fed-batch 1 of RET1; FB2, fed-batch phase 2 of 
RET1; PC, principal component; RT, retention time; CV-ANOVA, analysis of variance of cross-validated residuals; P(corr), Pearson correlation coefficient; OGG1p, 8- 
OxoGuanine DNA Glycosylase1; ROS, reactive oxygen species. 
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protection, bioremediation, and medicine etc. due to their mild and 
environmental friendly characteristics [3]. SLs are fungal secondary 
metabolites and therefore produced in the stationary growth phase, 
which is mostly induced by a high C/N ratio, nitrogen and/or phos-
phorus limitation [4–6]. All known SL producing organisms belong to 
the genera Starmerella and Pseudohyphozyma [3]. The non-pathogenic 
yeast Starmerella bombicola is the most studied SL producing organism 
as high SL productivities, of up to 3.7 g L− 1 h− 1, can be achieved with 
this yeast [7,8]. S. bombicola produces a lactonic and acidic sophorolipid 
mixture (Fig. 1A, B). However, industry demands a greater molecular 
variety of sustainable surfactants. Since numerous fossil-based surfac-
tants are applied in different segments of the market, surfactant appli-
cation and molecular variety relates to an array of different 
physicochemical and biological properties. Thus, various engineered 
S. bombicola strains have been designed for the production of novel 
glycolipid biosurfactants with different physiochemical properties 
[9–11]. Bolaform sophorolipids (bola SLs), which are produced by 
S. bombicola ΔsbleΔat, can be used in household applications, such as 
dishwasher or window cleaning detergents because of their non-irritant 
nature, good surface spreading and grease removal properties (Fig. 1C) 
[11]. However, only a mean volumetric bola SL productivity of 0.22 g 
L− 1 h− 1 was attained, which is 10-times lower than the arbitrarily 
defined minimum threshold for economic viability of 2 g L− 1 h-1 [12]. 

Recent research focus has been on improving the mean wild type SL 
volumetric productivity (MVP) by tackling the viscosity issue in fed- 
batch processes. After 8–14 production days, the high viscosity of the 
bioreactor broth results in an insufficient oxygen transfer rate, causing a 
critical reduction in the MVP [12]. in situ product recovery (ISPR) pro-
cesses reduce broth viscosity and mean productivities of up to 2.39 g L− 1 

h− 1 over 480 h have been reached [13]. However, all described ISPR 
processes are based on the gravimetrical separation of wild type SLs, i.e. 
predominantly low water-soluble lactonic SL crystals [14,15]. Bola SLs 
are water-soluble at concentrations over 500 g L− 1, which makes 
gravimetrical separation of bola SLs arduous [11]. Hence, as bola SLs are 
highly water-soluble and SLs are produced during the stationary phase, a 
continuous bioprocess with cell retention and continuous production 
and removal of bola SLs in a so-called ‘retentostat’ is proposed to 
improve volumetric bola SL productivity. Retentostats have already 
been applied successfully to produce other secondary metabolites [16, 
17]. 

In this study, a retentostat for bola SL production with S. bombicola 
was thoroughly evaluated (Fig. 2). in situ product separation (ISPS) was 

established with a 0.2 μm filtration unit to retain biomass and remove 
bola SLs. The MVP increased by 186.36 % in comparison to a fed-batch 
process, but could not be maintained for more than 543 h [11]. A 
comprehensive multi-omics analysis combining genomic sequencing 
and metabolomic fingerprinting was performed to investigate the cause 
of this productivity decline. Genomic sequencing was performed to 
examine if prolonged incubation gave rise to genomic mutations, 
resulting in decreasing productivities. Such mutation accumulation is a 
common trait observed in long-term cultivation of either exponential 
growth or stress-induced stationary phase (e.g. through starvation) 
[18–20]. Metabolomics as part of a multi-omics approach offers a 
valuable approach to advance the establishment of economically and 
environmentally viable production systems. This analytical strategy can 
deliver a snapshot of what has happened, and is happening, in the 
bioreactor at metabolite level. This information provides the possibility 
to rationally adapt or monitor the production process and/or 
micro-organisms [21,22]. 

Material and methods 

Strains and culture methods 

All experiments were performed with S. bombicola Δsble (lactone 
esterase) Δat (acetyltransferase) [23]. The bioreactor inoculum was 

Fig. 1. Sophorolipids (SLs) with a C18:1 hydrophobic tail produced by 
S. bombicola, R1 and R2 = H or COCH3. (A) lactonic SLs, (B) acidic SLs, (C) 
bola SLs. 

Fig. 2. Schematic representation of the retentostat set-up with an external 0.2 
μm filter. Red arrow represents retentate which contains the yeast cells. 

Table 1 
Medium and feed compositions based on the medium described by Lang et al. 
(2000). Standard feed was used in RET1 while Feed + P was used in RET2. YE: 
yeast extract. All feeds and media were adjusted to pH 5.8 with H2SO4.   

Production 
medium (g 
L− 1) 

Adapted 
production 
medium (g 
L− 1) 

Standard 
feed (g 
L− 1) 

Feed 
+ P (g 
L− 1) 

Feed 
+

P+N 
(g L− 1) 

Glucose 150 150 150 150 150 
Na3.Citrate. 

H2O 
5 5 5 5 5 

YE 4 4 0 0 0.4 
NH4Cl 1.5 1.5 0 0 0.15 
KH2PO4 1 1 0 1 1 
K2HPO4 0.16 0.16 0 0.16 0.16 
MgSO4.7H2O 0.7 0.7 0.7 0.7 0.7 
NaCl 0.5 0.5 0.5 0.5 0.5 
CaCl2.2H2O 0.27 0.27 0.27 0.27 0.27 
CuCl2 0.08 0.08 0.08 0.08 0.08  
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prepared with a two-step seed train using production medium (Table 1) 
[24]. The first seeds (20 mL shake flask at 30 ◦C, 200 rpm, 30 h) were 
inoculated (2%) from cryovial stocks. Subsequently, these seeds were 
used for inoculation (9%) of the second seeds (100 mL shake flask at 30 
◦C, 200 rpm, 30 h). The bioreactor (7.5 L, Labfors, Infors, Bottmingen, 
Switzerland) containing 4 L adapted production medium (Table 1) was 
inoculated with these second seeds (5%). Cultivation was performed at 
30 ◦C and pH was kept at 4 by controlled NaOH addition after the initial 
pH drop caused by the growth phase. The aeration rate was 1.5 L∙min− 1 

(0.375 vvm). The stirring rate was controlled to establish a constant pO2 
of 30 % (524− 833 rpm) for retentostat 1 (RET1) while set constant in 
retentostat 2 (RET2; 600 rpm). 

After the batch phase (24 h), the fed-batch phase commenced where 
glucose and oleic acid substrates were fed discontinuously when the 
concentration dropped below 40 g L− 1 and 5 g L− 1, respectively. Sub-
sequently, the cell recycle phase was initiated (108 h, Vworking = 5 L). 
Bioreactor broth was continuously pumped over a tangential flow PES 
0.2 μm filter (KleenPak™, Pall®, Port Washington, NY, USA) at a flow 
rate of 10 L h− 1 and the retentate was continuously pumped back to the 
bioreactor. The filtrate flow rate was controlled, and feed was pumped 

into the bioreactor at an equal flow rate (initial flow rate of 45 mL h− 1 

(RET1) and 60 mL h− 1 (RET2), Table 1). The standard feed was sup-
plemented as indicated in Fig. 3 and Table 1. 

Bioprocess parameter monitoring 

Cell dry weight was determined as described in [6]. Glucose con-
centrations were determined by high performance liquid chromatog-
raphy (HPLC; 1260 Infinity, Agilent, Santa Clara, CA, USA) connected to 
a refractive index detector (G1362A, Agilent), while SL concentrations 
were measured using HPLC connected to an evaporative light scattering 
detector (1260 Infinity ELSD, Agilent). Both methods were performed as 
described by [11]. SL quantification standard curves were constructed 
with in-house standards of bola and acidic SLs, which were previously 
identified by NMR analysis as described in [23] and [25], respectively. 
Productivity and consumption rates during retentostat cultivation were 
calculated according to equations 1 and 2 below. Derivatives were 
estimated by fitting a cubic smoothing spline with leave-one-out 
cross-validation for smoothing parameter estimation [26–28]. 

Equation 1: 

Fig. 3. Process parameters of retentostat 1 (A) and 2 (C). Bola SLs (light green circle), (red square) acidic SLs and (blue triangle) glucose concentration. Process 
parameter rates and flow rate (mL h− 1) of retentostat 1 (B) and 2 (D). Bola SLs (dark green) and (pink) acidic SL productivity. Glucose consumption (purple) and flow 
rate (tawny). Phases of retentostat 1 (A & B): fed-batch phase 1 and 2 (FB1 & FB2), high productivity phase 1 and 2 (HP1 & HP2), productivity decline phase 1 and 2 
(PD1 &PD2). Phases of retentostat 2 (C & D): fed-batch phase (FB), high productivity phase (HP), productivity decline (PD). YE (yellow arrow): yeast extract shot 4 g 
L− 1 (final concentration); orange shade indicates feed is equal to feed + P while yellow shade indicates feed + P+N (Table 1). (#): Log transformed, pareto scaled and 
subsequent scaled to [0,1] peak areas of 8-hydroxyguanosine (8-OHG, ID 5199). (*) Data points below detection limit. Time weighted average concentration rates are 
listed in Table B.2. 

SL volumetric productivity
(
gL− 1h− 1) = SL

(
gL− 1) Flowrate

(
Lh− 1

)

Volume (L)
+

dSL
dt

(

gL− 1h− 1
)
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Equation 2:   

Genomic variant analysis 

Yeast genomic DNA (gDNA) was isolated by phenol:chloroform:iso-
amylalcohol extraction as described by [29]. gDNA was extracted from 
RET1 broth samples, which correlate with inoculation (0 h), high pro-
ductivity phase 1 (HP1, 298 h), productivity decline phase 1 (PD1, 521 
h), high productivity phase 2 (HP2, 731 h) and productivity decline 
phase 2 (PD2, 1306 h), respectively. The gDNA of WT S. bombicola and 
S. bombicola ΔsbleΔat was used as negative control. The gDNA samples 
were sequenced (LGC genomics GmbH, Berlin, Germany) on an Illu-
mina® Miseq platform (30x coverage, 300 bp paired end reads). All 
bioinformatic tools for genomic variant detection were performed with 
the Galaxy platform (Appendix Table B.1) [30]. 

Metabolic fingerprinting 

Metabolite extraction was optimised based on the procedure 
described in [31]. Samples (n = 32) were collected from four different 
RET1 bioreactor stages to increase discriminatory capacity and corre-
lation to bola SL productivity of the untargeted metabolomics analysis. 
HP1 and HP2 represent the high productivity phases (HP) while PD1 and 
PD2 represent the phases with a productivity decline (PD) (Fig. 3A, B). 
Quality control (QC) samples were created by pooling the HP1 + HP2 
and PD1 + PD2 samples, which are referred to as QC1 and QC2, 
respectively. Subsequently, a full scan analysis was performed on these 
samples (positive and negative mode, ultra-high performance 
liquid-chromatography (UHPLC) coupled to hybrid 
quadrupole-Orbitrap high-resolution mass spectrometry 
(UHPLC-HRMS)) as described by [32]. 

Metabolic fingerprinting was performed with Sieve™ 2.2 (Thermo 
Fisher Scientific, Waltham, MA, USA) with parameter set points to attain 
automated peak extraction, peak alignment, deconvolution, and noise 
removal (m/z scan range: 53.4–800.0 Da, retention time: 0.5–16.0 min, 
maximum frame number: 40,000, minimal peak intensity: 106, back-
ground signal over noise ratio: 10, m/z step size: 6 ppm). To ensure 
method performance and holistic metabolome coverage, a quality upper 
threshold of 50 % was applied for the coefficient of variance (CV) of the 
QC samples. Moreover, the QC dilution series linearity was assessed and 
ions with an R2 below 0.90 were disregarded [33,34]. 

Subsequently, SIMCA™ 14.1 (Umetrics, Umeå, Sweden) was used to 
perform multivariate analysis. Prior to analysis, peak intensities were 
log transformed and scaled according to the pareto principle (1/√σ) to 
induce normality and standardise signal intensities, respectively. Sub-
sequently, principal components analysis-X (PCA-X) and orthogonal 
partial least squares discriminant analysis (OPLS-DA) models were 
constructed. The latter models were used to select discriminant com-
ponents, whereby the variable influence on projection score (> 1.5), 
Jack-knifed confidence interval (not across zero) and S-plot descriptors 
(|correlation| and |covariance|) were taken into consideration as se-
lection parameters. A lower limit of 0.5 was selected for the Pearson’s 
correlation coefficient while the |covariance| threshold was adjusted for 

each model to select the metabolites with a |covariance| belonging to 
the top 10 %, due to the varying X-variables number [35]. Selected ions 
were evaluated for 13C isotope presence and a correct peak shape. 

The main interest of the metabolomics analysis was in the determi-

nation of compounds correlated with the HP or PD phases. Therefore, 
the discriminant components resulting from OPLS-DA-3 (Table 3) were 
considered for further identification analysis as the influence of non- 
related factors was reduced in this model. A parallel reaction moni-
toring tandem MS analysis was performed with a Q-Exactive Orbitrap 
MS (Thermo Fisher Scientific, Waltham, MA, USA) and following set-
tings: mass resolution of 17,500 full width at half maximum, automatic 
gain control of 2 ∙ 105 ions, maximum injection time of 40 ms and a 0.5 
m/z isolation window. The discriminant component tandem MS spectra 
obtained were compared with publicly available databases and/or tools, 
i.e. SIRIUS 4 [36], mzCloud® (HighChem LLC, Bratislava, Slovakia), 
MetFrag [37], METLIN [38], HMDB 4.0 [39] and YMDB 2.0 [40] or with 
analytical standards. Subsequently, the components were assigned an 
identification level according to [41] and when possible a compound 
class with CANOPUS [42]. 

Results 

Retentostat for bolaform sophorolipid production 

As bola SLs are highly water-soluble, a cell recycle bioprocess or 
retentostat was evaluated as a continuous ISPS system [11]. (RET1; 
Figs. 2, 3A, 3 B and Appendix Table B.2; Appendix C). A bola SL MVP of 
0.49 g L− 1 h− 1 was achieved during the fed-batch phase (first 108 h). 
Subsequently, in the first 6 h of the cell recycle phase [108 h–114 h], the 
volumetric productivity (VP) reached 0.91 g L− 1 h− 1. The fed production 
medium excluded nitrogen (N) and phosphate (P) sources to ensure SL 
production, which is described to be linked N and/or P depletion [4,5]. 
However, a decrease in bola SL productivity (0.91 to 0.53 g L− 1 h− 1) was 
observed between 130 h and 138 h. Therefore, the flow rate was 
adjusted to reach a steady-state MVP (138 h–187 h), which was achieved 
between 44 mL h− 1 and 48 mL h− 1 at an MVP of 0.56 g L− 1 h− 1 (187 
h–273 h). Thereafter, the bola SL productivity resumed to decrease 
(PD1) while the acidic SL concentration remained unaffected (17.2 ±
2.5 g∙L− 1). After 545 h, the bola SL production ceased completely. To 
restart the bioprocess, a sequential batch strategy was performed. 3.8 L 
of broth was removed, and 3 L of fresh production medium was added 
(15 % inoculum). A growth phase of 52 h was observed and was fol-
lowed by a second fed-batch phase, which lasted 145 h without cell 
recycle (from 545 till 690 h, FB2). Cell recycle was restarted at 690 h and 
a steady-state with an MVP of 0.66 g L− 1 h− 1 (690 h till 828 h) was 
achieved (690 h till 828 h). Yet at 878 h, bola SL concentration dropped 
rapidly. The feed lacked 4 components compared to the production 
medium used in fed-batch phase: KH2PO4, K2HPO4, yeast extract (YE) 
and NH4Cl. To test for possible nutrient depletion, new feeding strate-
gies were applied based on the withheld components (Appendix C). As 
neither growth nor high bola SL productivity restitution was observed, 
the process was stopped. 

Although a retentostat set-up for bola SL production was accom-
plished, a steady-state production could only be maintained over a 
maximum of 138 h. A second retentostat experiment (RET2) was per-
formed to confirm the results and to further investigate the productivity 
decline and potential solutions. In RET1, it was observed that phosphate 

Glucose consumption rate
(
gL− 1h− 1) =

(

glucose[Influent]
(
gL− 1) − glucose[effluent]

(
gL− 1).

)
Flowrate

(
Lh− 1

)

Volume (L)
−

dglucose
dt

(

gL− 1h− 1

)
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addition did not result in a termination of bola SL production, whereas 
nitrogen addition did so (Appendix C). Therefore, the feed was supple-
mented with phosphate salts to further analyse the effect of phosphate 
addition on SL productivity. 

Similar observations were made as for RET1. MVPs of 0.68 g L− 1 h− 1 

and 0.54 g L− 1 h− 1 were achieved for the fed-batch (FB, first 111 h) and 
the high productive cell retention phase (HP, 111 h till 322 h), respec-
tively. The bola SL concentration and productivity gradually decreased 
and therefore the flow rate was lowered from 60 mL h− 1 to 40 mL h− 1 at 
372 h. RET1 (HP1 and HP2) and RET2 are analogous as similar high 
MVPs were reached during the first 321 h (0.56 g L− 1 h− 1, 0.64 g L− 1 h− 1 

and 0.54 g L− 1 h− 1, respectively). Furthermore, it was observed that 
RET1 and RET2 both had a relatively higher glucose demand when an 
exponential growth phase was initiated compared to retentostat glucose 
demands (Fig. 3B, C and Appendix A.1). Glucose consumption rate in 
RET1 and RET2 (up to 382 h) was heavily influenced by the in- and 
effluent flow rate. However, the RET2 glucose consumption rate 
appeared to decline from 0.60 g L− 1 h− 1 to 0.01 g L− 1 h− 1 from 382 h till 
545 h after inoculation. 

Discovering a solution for the productivity decline is crucial to assure 
a robust and highly productive process for bola SL production. However, 
this decline could not be alleviated by the feeding strategies explained 
above. Two main hypotheses with respect to the cause were investi-
gated: i) cell viability and genomic integrity, and ii) metabolic shifts, e.g. 
caused by regulation of S. bombicola metabolism and/or depletion of 
crucial (co)factors for bola SL production during the retentostat process. 

Cell viability and genomic integrity analysis 

Filtration membranes are known to induce shear stress, potentially 
resulting in cell lysis [43]. Therefore, retained cells were harvested from 
RET1 and evaluated (1184 h and 1844 h). No significant growth and/or 
viability differences or abnormal cell morphology upon recultivation 
were observed (data not shown). The bola SL productivity decline could 
also be caused by spontaneous genomic variants arising after long in-
cubation periods. Continuous bioreactors are commonly used in exper-
imental evolution studies and the genomic robustness of S. bombicola 
during long-time incubation has not been assessed previously [44,45]. 
Hence, a genomic integrity assessment of S. bombicola by genomic 
variant analysis was performed. No evidence was found for variants 
between the RET1 samples and S. bombicola ΔsbleΔat. These observa-
tions suggest that S. bombicola is a genomic robust strain displaying no 
evidence for genomic variation during 1306 h of retentostat incubation. 

Metabolic fingerprinting 

During N- and P-limited retentostat cultivation, N or P loss by cell 
lysis, excretion or secretion and subsequent washout/dilution could lead 
to a deficiency of essential metabolites required for sophorolipid 
biosynthesis. Alternatively, a build-up of retained toxic or inhibitory 
compounds during prolonged incubation could have been responsible 
for the SL productivity decline. To test these hypotheses, a compre-
hensive metabolic analysis comparing production enhancing and aba-
ting conditions in a retentostat set-up was performed. 

As the metabolic composition of retentostat samples is highly com-
plex, an untargeted approach was preferred. Hence, compounds previ-
ously not associated with SL production were also considered. RET1 was 
the subject for untargeted metabolomics analysis as clear production 
enhancing and abating conditions had been identified. An untargeted 
discriminant metabolomics analysis was performed to determine those 
metabolites associated with high volumetric productivity or decline. In 
RET1, the following phases could be distinguished, illustrated in Fig. 3A, 
B: high productivity phase 1 (HP1, 108 h – 273 h), productivity decline 
phase 1 (PD1, 273 h – 545 h), high productivity phase 2 (HP2, 690 h – 
828 h) and productivity decline phase 2 (PD2, 828 h – 1450 h). The 
analysis rendered 14,060 and 4873 different detectable ions for positive 

and negative ionisation modes, respectively. The quality criteria 
implementation resulted in 7722 and 2620 remaining ions for positive 
and negative mode, respectively. First, three unsupervised PCA-X 
models were constructed using the combined data for the positive and 
negative ionisation mode. PCA-X-1 was constructed by using data from 
HP1 and PD1, while PCA-X-2 was constructed with data from HP2 and 
PD2. A comprehensive model, PCA-X-3, included all phases present in 
the dataset. Sample pool clustering (QC1/2) was noted in all PCA-X 
model score plots, which suggested good instrument performance (Ap-
pendix Figs. A.2–A.3, Fig. 4). Moreover, clustering according to high 
producing or decline phases was observed in all three models. The 
variation in the metabolome between HP and PD phases was larger than 
the variation between the first batch (HP1 + PD1) and the sequential 
batch (HP2 + PD2). This indicated that the dominant fraction of the 
variation in the sample metabolome was correlated with the HP or PD 
phases and not with other confounders such as effects originating from 
the sequential batch strategy. 

Next, three OPLS-DA models were constructed with OPLS-DA-1, 
OPLS-DA-2 and OPLS-DA-3 being based on the fingerprints used for 
the creation of PCA-X-1, PCA-X-2 and PCA-X-3, respectively. Based on 
the OPLS-DA models, components discriminating between HP and PD 
phases were determined. All of the aforementioned OPLS-DA models 
could discriminate between HP and PD phases (Appendix Figs. A.4–A.6), 
which is supported by the validation parameters listed in Table 2 and 
valid permutation testing (n = 100). Covariance threshold pairs of 0.025 
& − 0.03, 0.01 & − 0.0225 and 0.0175 & − 0.0275 were adopted for 
OPLS-DA-1, OPLS-DA-2 and OPLS-DA-3, respectively. OPLS-DA-1, 
OPLS-DA-2 and OPLS-DA-3 resulted in the selection of 61, 57 and 12 
discriminant components, respectively (Table 3, Appendix 
Tables B.3–B.4). The largest fraction of these was correlated to HP 
phases while only a small fraction was correlated to PD phases (Table 2). 

As OPLS-DA-3 included all HP and PD phases, it was considered that 
fewer confounders corresponding to specific HP1/2 or PD1/2 phases 
were present in the resulting discriminant components compared with 
OPLS-DA-1 and OPLS-DA-2. Therefore, a metabolite identification 
analysis was performed on the twelve discriminant components from 
OPLS-DA-3 (Table 3). One out of 12 compounds (ID 5199, m/z =
300.0928) was identified as 8-hydroxyguanosine (8-OHG, Pubchem 
CID: 135407175) by tandem MS (Fig. 3B and Appendix Fig. A.7). The 
identification is based on a 100 % spectral similarity with tandem MS 
spectra in the CSI-Finger ID database [46]. As an 8-hydroxyguanosine 
analytical standard was not readily available, an 8-hydroxyguanine 

Fig. 4. Score plot of PCA-X-3 model constructed based on the metabolic fin-
gerprints of HP1, PD1, HP2 and PD2. Samples were clearly clustered according 
to HP and PD phases. Pooled QC samples of the PD samples (QC1) and QC 
samples of the HP samples (QC2) were clearly clustered. HP: high productive 
phase, PD: productivity decline phase. PC1: principal component 1, PC2: 
principal component 2. Ellipse: Hotelling’s T2 (95 %). R2[X, PC1] = 0.493 and 
R2[X, PC2] = 0.14. 
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reference standard (m/z = 168.0514) was used to confirm the sub-
structure (100 % spectral similarity, Appendix Fig. A.8). The 8-OHG 
identification is subdivided as a level 1 identification [41]. 8-OHG is 
correlated with HP conditions and is the only discriminant component 
overlapping between OPLS-DA-1, -2 and -3. 

Discussion 

In this study, a retentostat process to produce bolaform sophorolipids 
with Starmerella bombicola ΔsbleΔat was developed and evaluated. A bola 
SL MVP of 0.66 g L− 1 h− 1 [Δt = 138 h] was achieved during the steady- 
state in HP2 of RET1, which is approximately 3 times higher than pre-
viously reported MVPs for bola SLs (0.22 g L− 1 h− 1) [11]. Production 
processes focusing on wild type sophorolipids (lactonic and acidic 
sophorolipid mixture) typically achieve higher productivities (2.1 g L− 1 

h− 1 or 3.7 g L− 1 h− 1 for a ‘regular’ fed-batch set-up or a fed-batch high 
cell density process, respectively) [8,47]. However, these processes have 
to be terminated after a 24 h production phase due to capacity limita-
tions caused by the feeding strategy aligned to keep up with (high) SL 
productivity. Multiple ISPR strategies were developed to extend the 
production phase for wild type SLs at this high productivity. In general, a 
distinction can be made between the use of batch or semi-continuous 
separators rendering up to 2.39 g L− 1 h− 1 and 1.55 g L− 1 h− 1, respec-
tively [3,13,48]. A third type of separator is described in this study, i.e. a 
fully continuous in-situ product separation process. A continuously 
operated separator has the advantage that a continuous and stable 
product output can generated. The production bioprocess can optionally 
be coupled to (semi-)continuous further down-stream processing steps 
resulting in a fully continuous process. Such continuous processes have 
clear advantages related to reduced down time and lower overall 
operational costs as the systems just have to be maintained, while 

requiring steady process conditions and outputs. The best situation de-
pends on the specific process conditions and outputs which should be 
evaluated case by case [49]. 

In both RET1 and RET2, a gradual volumetric productivity decline 
was observed. The feed did not contain N and P in comparison to the 
batch for the reasons mentioned. Thus, low concentration N (YE/NH4) 
and/or production medium concentration P supplementation strategies 
were evaluated, but However, no high bola SL productivity resuscitation 
could be observed upon supplementation with N and/or P. Although it 
has been described that N- and P-limitation is crucial for SL production, 
bola SL production was observed in RET2 which was not operated under 
P limitation conditions during the entire cultivation [4,5]. These data 
suggest that P-limitation is not crucial for SL production, which is sub-
stantiated by [50], where it was reported that the absence of N and P is 
not necessary for SL production as NH4

+ (1.7–2.0 mM) and PO4
2−

(15− 20 M) were detected in sufficient amounts during the SL produc-
tion phase. Furthermore, these data support the hypothesis that SL 
production is initiated and maintained by the relative N concentration 
(e.g. C/N). Interestingly, an SL productivity decrease over time was also 
observed in other reported ISPR processes for SLs [48,51,52]. 

The loss of bola SL productivity was not associated with loss of yeast 
cell vitality. Similarly, the viability of S. cerevisiae’s was not severely 
affected at a near-zero growth rate, induced by a nutrient limiting 
retentostat cultivation of 400− 480 h [53,54]. Furthermore, the acidic SL 
concentration remained approximately constant in the two retentostat 
phases of RET1 and RET2 while no retention of acidic SL by the filter was 
observed, the concentration in effluent and bioreactor being equal. 
These observations suggest that the issue is predominantly correlated to 
bola SL biosynthesis and not an indirect result of a more general vitality 
decrease. 

Genetic heterogeneity is known to occur in industrial bioreactors 

Table 2 
Validation parameters of the OPLS-DA models that were constructed aiming for discrimination between the high production and production decline phases. The P- 
value listed is calculated with an analysis of variance of cross-validated residuals (CV-ANOVA [45]) for the respective OPLS-DA models. Amount of principal com-
ponents in the model (PCs; predictive + orthogonal). Amount of resulting discriminatory compounds (ntot) and number of discriminatory compounds correlated to HP 
(nHP) or PD phases (nPD).  

OPLS-DA Phases PCs R2(X) R2(Y) Q2(Y) P-value 
Discriminant components 

ntot nHP nPD 

1 HP1 + PD1 1 + 3 0.772 0.958 0.883 6.0•10− 4 61 57 4 
2 HP2 + PD2 1 + 1 0.790 0.990 0.923 5.1•10− 5 57 54 3 
3 HP1 + PD1 + HP2 + PD2 1 + 6 0.900 0.991 0.939 5.2•10− 9 12 8 4  

Table 3 
Discriminant components resulting from OPLS-DA-3 (RET1: HP1+ PD1+HP2 + PD2) and respective m/z, retention time (RT), ionisation mode (mode): positive (+) 
and negative (− ), Pearson correlation coefficient (P(corr)) and variable importance in projection values (VIP). A positive correlation coefficient indicates a positive 
correlation with PD phases while a negative correlation coefficient indicates a positive correlation with HP phases. Compound classes assigned to by CANOPUS [41]: #: 
Alpha amino acids and derivatives; *: disaccharides.  

ID m/z RT (min) mode P(corr) VIP Molecular formula Identification level 

5199 300.0928 3.21 + − 0.81 2.57 / 1 
5247 110.0488 1.99 + − 0.88 2.57 / 5 
5327 116.0899 2.99 + − 0.86 2.37 / 5 
5367 119.0540 1.98 + − 0.86 2.75 / 5 
5828 156.0288 1.15 + − 0.91 2.98 / 5 
6037 168.0513 3.18 + − 0.83 2.61 C5H5N5O2 4 
6790 198.0869 1.55 + − 0.87 2.52 C8H11N3O3 4 
6840 218.1574 5.89 + 0.62 1.79 / 5 
7776 234.1077 1.29 + − 0.84 2.49 C8H14N4O3

# 3 
7944 243.1891 5.70 + − 0.88 2.48 / 5 
8570 264.1122 7.43 + − 0.85 2.46 / 5 
8890 277.1731 5.39 + − 0.80 2.52 / 5 
10578 351.1037 9.27 + 0.64 1.56 / 5 
10778 361.0881 8.34 + 0.79 1.53 / 5 
11282 395.6389 5.86 + − 0.83 2.45 / 5 
11520 437.1252 1.06 + 0.52 1.68 C15H26O13* 3 
12013 523.1982 5.43 + − 0.83 2.58 / 5  
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with a long incubation time due to metabolic burden and toxicity of 
intermediates and end-products [55]. In this perspective, a genomic 
variant analysis was performed but no evidence for genomic variants 
was found in up to 1306 h of RET1 cultivation. This indicates that 
S. bombicola ΔsbleΔat is genomically robust in retentostat cultivation and 
the observed productivity decline was not due to a genomic mutation 
incorporation, directly or indirectly affecting SL biosynthesis during 
prolonged incubation. Similar observations were made for tran-
scriptomic analysis on prolonged retentostat S. cerevisiae cultivation 
[56]. In this set-up, yeast cells did not suffer extensive age dependent 
persistent DNA damage. 

The abovementioned observations suggest that the decline in bola SL 
productivity originated from changes in S. bombicola ΔsbleΔat meta-
bolism. An untargeted metabolomics analysis was performed in which it 
was found that a major fraction of the variance in the metabolome 
during RET1 cultivation was correlated with bola SL productivity dif-
ferences. Furthermore, the largest fraction of discriminant components 
was correlated to HP rather than PD phases, indicating that it is more 
likely that a compound was missing in the PD phases than that toxic 
metabolites were accumulating. As a major finding, 8-OHG was identi-
fied as a discriminant metabolite between the high and low bola SL 
productivity phases during RET1 cultivation (Fig. 5); specifically, 8- 
OHG correlated with high bola SL productivity. Apparently, this com-
pound has not been described in relation to S. bombicola metabolism 
previously. No protein domain in the InterPro database was encountered 
with activity correlated to 8-OHG [57], although, one domain is 
described to have an 8-oxoguanine binding pocket, namely “8-oxogua-
nine DNA glycosylase, N-terminal (IPR012904)”. The S. bombicola 
genome encodes an enzyme containing such domain, GenBank: 
MZ344994, of which the protein sequence is 37.66 % identical with 
OGG1p (8-OxoGuanine DNA Glycosylase1, part of the cellular DNA 
repair mechanism) from S. cerevisiae (BLASTp E-value = 10− 60) [58,59]. 

Potential causes of the formation of 8-OHG in a bioreactor 

environment and hypotheses concerning the correlation with high bola 
SL production in a retentostat set-up are described below and sum-
marised in Fig. 5. 8-OHG is predominantly formed in living organisms 
through chemical oxidation of guanosine by hydroxyl radicals (•OH) 
[60]. •OH can be formed in a bioreactor environment due to an excessive 
oxygen supply (pO2 of 30 %) [61]. As well as the oxygenated environ-
ment, •OH can originate from S. bombicola’s metabolism, as mitochon-
drial electron transport is a known source of superoxide ions, the 
predominant origin of •OH [62]. Interestingly, the first enzyme of bola 
SL biosynthesis (CYP52M1) belongs to the cytochrome P450 mono-
oxygenase family, enzymes known for oxygen radical production during 
uncoupling reactions [63]. 

The correlation of 8-OHG with HP phases can be stated by multiple 
hypotheses, here the relevance of four is discussed (Fig. 5). (1) 8-OHG is 
a biomarker for oxidative RNA damage and is therefore used in marker 
panels for human Alzheimer’s and Parkinson’s disease [64–66], 
although, no known biomarkers for DNA damage (e.g. 
8-oxo-2′-deoxyguanosine or 2,6-diamino-4-hydroxy-5-formamidopyri-
midine) matched a discriminant component from the OPLS-DA models 
[67,68]. The absence of oxidative DNA damage is substantiated by the 
results from the genomic analysis, where no evidence was found for 
genomic variants during RET1 cultivation. Thus it is suggested that, 
during RET1 cultivation, S. bombicola experienced more oxidative RNA 
damage during phases HP1 and HP2 than during phases PD1 and PD2, 
without a detectable difference in oxidative DNA damage. Oxidative 
RNA damage may be a causative factor as its main consequence is 
ribosome stalling, leading to decreased protein synthesis [69]. The latter 
can induce lower protein levels over time as degraded proteins are not 
replaced. It is expected that this effect develops gradually over time, 
correlating with the observation in RET1 and RET2, i.e. a gradual 
negative impact on bola SLs productivity. 8-OHG as a biomarker for 
oxidative RNA damage suggests that a higher amount of its precursors, i. 
e. ROS and guanosine, are present in the bioreactor. The monoisotopic 
mass of guanosine (283.0917 Da) was not present in the discriminant 
component list (Table 3, Appendix Tables B.3–B.4), so that a discrimi-
nant guanosine concentration between HP and PD phases is unexpected. 
ROS are highly reactive and therefore not directly detectable by LC–MS. 
Hence, the 8-OHG detection could be correlated with higher ROS 
concentrations. 

Three subsequent explanations for the 8-OHG detection in HP phases 
can be proposed: (2) bola SLs induce high ROS concentrations, (3) bola 
SL biosynthesis induces ROS or (4) high ROS levels have a gradual but 
detrimental effect on SL production. In regard to hypothesis (2), ROS- 
mediated necrosis is induced by different SL congeners in bacteria, 
fungi and cancer cell lines [70–72]. Although these effects have been 
observed for non SL-producing organisms to which SLs were adminis-
tered, it is not expected that bola SLs induce ROS formation in 
S. bombicola itself as a highly efficient SL transporter is present [73] and 
they induce almost no cell necrosis (in-house data). Related to hypoth-
esis (3), ROS formation can be linked to high CYP52M1 activity, which 
could indicate that 8-OHG detection is not a causal factor for PD phases 
but rather a consequence of the high bola SL productivity. Hypothesis 
(4) is that high ROS concentrations actively but gradually negatively 
impact the bola SL productivity. Oxidative RNA damage could be part of 
general oxidative stress at the cellular level, and 8-OHG and oxidative 
stress are present in ageing cells [74–76]. S. cerevisiae cells undergo a 
plethora of metabolic changes during chronological ageing, i.e. the yeast 
cell ageing without division, which is prolonged during RET1 cultiva-
tion. Among others, metabolic changes described include mitochondrial 
fragmentation [77], vacuolar pH alteration [78], accumulation of multi 
drug resistance transporters (such as SL transporter [73]) [79] and 
accumulation of irreversible oxidative damage to proteins and metab-
olites [75,80,81]. These general changes affect the entire metabolism 
and therefore possibly also bola SL biosynthesis. In the case where these 
changes have a gradual negative effect on bola SL production over time, 
the PD phase can be observed when ROS generated by chronological cell 

Fig. 5. Schematic representation of hypotheses concerning the observation of 
8-hydroxyguanosine as a discriminant component between HP bola SL and PD 
phases in a retentostat set-up, correlating to HP phases (1-4). Above the dashed 
line: possible sources for the formation of 8-hydroxguanosine in a bioreactor 
environment, i.e. oxygenation of guanosine by reactive oxygen species (ROS), 
the latter possibly originating from the bioactivity of bola SLs, CYP52M1 ac-
tivity to produce bola SLs, bioreactor oxygenation or mitochondrial activity. 
Below the dashed line: correlations of 8-hydroxyguanosine with high bola SL 
biosynthesis in retentostat set-up as as observed in this study and/or with 
oxidative RNA damage as observed in [64–66]. 
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ageing have already been depleted (observed as low 8-OHG level). 
However, no oxidative stress or damage markers other than 8-OHG were 
identified in the metabolomics analysis, which makes oxidative stress at 
cellular level less likely. 

None of the above hypotheses for the significance of 8-OHG for bola 
SL productivity is completely conclusive and the causes for the decline in 
bola SL productivity can be expected to be interconnected. Nevertheless, 
8-OHG is correlated with high bola SL productivity and is described as a 
biomarker for oxidative RNA damage [64–66]. Further metabolomics 
assisted research can result in a better understanding of bioreactors and 
biosynthetic pathways at molecular level and/or yeast ageing and ROS 
damage in retentostat cultivations with S. bombicola. 
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Glossary 

Retentostat: A continuously operated bioreactor where, in contrast to a chemostat, cells are 
retained in the bioreactor. New medium and substrates are ‘fed’ to the bioreactor 
while bioreactor broth without cell biomass is pumped out of the bioreactor at a 
similar flow rate. 

In situ product separation: In situ product separation is a process where the product is 
separated from the main bioreactor broth. It differs from in situ product recovery as 
more downstream process procedures are required to achieve complete product 
recovery 

Discriminant component: A component that drives the separation between groups. In this 
article, these groups are HP and PD 

Full scan analysis: An LC–MS1 analysis where not predefined m/z values are targeted for 
analysis but all the m/z values in a certain m/z range 

Metabolic fingerprinting: Global high-throughput, rapid analysis aiming at sample classifi-
cation through pattern recognition is a non-target methodology where, after obtaining 
a snapshot as comprehensive as possible, all detectable peaks (or signals), including 
unknowns, are considered to establish sample classification. The intention is not to 
identify each observed metabolite, but to compare patterns, signatures or “finger-
prints” of metabolites that change in response to intra- or extracellular triggers 
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