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Abstract: Dairy waste is a complex mixture of nutrients requiring an integrated strategy for
valorization into various products. The present work adds insights into the conversion of fat-rich dairy
products into biomass, glycerol, and fatty acids via submerged cultivation with edible filamentous
fungi. The pH influenced fat degradation, where Aspergillus oryzae lipase was more active at neutral
than acidic pH (17 g/L vs. 0.5 g/L of released glycerol); the same trend was found during cultivation
in creme fraiche (12 g/L vs. 1.7 g/L of released glycerol). In addition to glycerol, as a result of fat
degradation, up to 3.6 and 4.5 g/L of myristic and palmitic acid, respectively, were released during
A. oryzae growth in cream. The fungus was also able to grow in media containing 16 g/L of lactic acid,
a common contaminant of dairy waste, being beneficial to naturally increase the initial acidic pH
and trigger fat degradation. Considering that lactose consumption is suppressed in fat-rich media,
a two-stage cultivation for conversion of dairy waste is also proposed in this work. Such an approach
would provide biomass for possibly feed or human consumption, fatty acids, and an effluent of low
organic matter tackling environmental and social problems associated with the dairy sector.
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1. Introduction

Considering the important role of dairy products and related industries in the daily life and
well-being of an increasing human population, it is also of environmental, social, and economic
importance to have promising methods to treat the dairy waste generated. Therefore, efficient waste
management routes need to be developed to cope with increasing amounts of dairy waste. One of those
strategies includes biological treatment with edible filamentous fungi whose diversified enzymatic
machinery enables the hydrolysis of complex nutrients for further assimilation and conversion to
various value-added products [1,2]. Dairy substrates are potential sources of lactose, protein, and fat,
where the latter varies between 3% in low-fat dairy substrates (e.g., milk) and 40%-50% in fat-rich
substrates (e.g., cream and créme fraiche) [3]. Therefore, bringing together the metabolic diversity of
filamentous fungi and the complex composition of dairy waste, there is a high potential for building
biorefineries worldwide where dairy waste is biologically converted to various value-added products.
This can have important environmental and social implications considering the amount of dairy waste
generated, its environmental pollution potential, and biorefinery-related job creation.

Edible filamentous fungi such as Aspergillus oryzae and Neurospora intermedia have previously been
investigated for valorization of dairy waste products including cheese-whey, milk, yoghurt, cream,
and fermented cream (créme fraiche) and management routes and their output potential have been
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proposed [3]. Special emphasis was placed on lactose assimilation, production of biomass that can be
used for feed applications, and fat degradation with concomitant release of glycerol. N. intermedia has
been used for production of the Indonesian food oncom; however, it is a rather unexplored fungus from
a biotechnological point of view [2]. A. oryzae, found worldwide but of higher incidence in tropical
environments [4], is one of the most studied fungi at the industrial level where it contributes to the
production of several products including a variety of organic acids and enzymes [5]. In addition,
A. oryzae is traditionally used for production of various human food products (e.g., miso) and beverages
(e.g., sake) in China and other East Asian countries [6]. Interestingly, A. oryzae was found to change its
metabolic preference from lactose assimilation in low-fat dairy waste to fat degradation in high-fat
dairy waste [3]. Therefore, fatty acids and glycerol, together with fungal biomass, would have a crucial
role in the economic feasibility of bioconversion processes centered on dairy waste. Thus, further
insights are needed regarding optimization of fat degradation by A. oryzae in dairy waste together
with the characterization of the fatty acids released. Nearly 60% of milk fatty acids are saturated,
where palmitic, stearic, and myristic acids dominate; polyunsaturated fatty acids such as linoleic acid
only account for about 4%. Functional food monounsaturated fatty acids are also present in milk,
for instance, oleic acid represents about 25% of milk fatty acid content [7-9].

The present study focuses on A. oryzae fat degradation capabilities in fat-rich substrates,
namely cream and créme fraiche (pasteurized cream soured using lactic acid producing bacteria [10]).
Special emphasis was given to the effect of pH and lactic acid on fat degradation and concomitant
release of glycerol and fatty acids whose characterization was carried out. Bringing together all
available insights on valorization of dairy substrates with edible filamentous fungi, an integrated
bioconversion system for management of dairy waste is proposed.

2. Materials and Methods

2.1. Microorganism

Aspergillus oryzae var. oryzae CBS 819.72 (Centraalbureau voor Schimmelcultures, Utrecht,
The Netherlands) was used throughout this study. The ascomycete was maintained in potato dextrose
agar (PDA) plates containing 20 g/L glucose, 15 g/L agar, and 4 g/L potato extract. New plates were
prepared on a two-week basis via inoculation with 100 uL of spore solution obtained by flooding a
pre-grown plate with 20 mL sterile distilled water; disposable spreaders were used to bring the spores
into solution and to spread the spore solution onto new plates. The inoculated plates were incubated
at 30 °C for 3-5 days followed by storage at 4 °C until use for cultivation.

2.2. Dairy Substrates

Fresh cream (gradde, Falkoping Mejeri, Falkoping, Sweden) and créme fraiche (sour cream, ICA,
Boras, Sweden) were purchased locally. Cream contained 48% (w/w) total solids composed of 40%
fat, 3% carbohydrates, and 2% protein (Falkoping Mejeri, Falkoping, Sweden); créme fraiche contained
40% (w/w) solids composed of 34% fat, 3% carbohydrates, and 2% protein (ICA, Bords, Sweden).
Both substrates were sterilized at 121 °C for 20 min followed by storage at 4 °C until use for cultivation.
For cultivations in separated solid and liquid fractions of cream, it was centrifuged at 3000x g for
5 min and the solid fractions were diluted to the starting volume with distilled water. Both fractions
were sterilized in 250 mL Erlenmeyer flasks containing 100 mL of medium at 121 °C for 20 min.

2.3. Cultivations

All cultivations were carried out using 250 mL Erlenmeyer flasks containing 100 mL of medium.
The flasks were inoculated with 20 mL/L of solution containing 1.8 x 107 spores/L and incubated
in a water bath shaking at 125 rpm at 35 °C for 4-6 days. Cultivations in non-sterile cream were
carried out by transferring, under sterilized conditions, 100 mL cream into pre-sterilized empty 250 mL
Erlenmeyer flasks. Cultivations in semi-synthetic medium were carried out as above using lactic
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acid (20 g/L) and glycerol (30 g/L) as single carbon sources together with salts and with or without
supplementation of yeast extract according to Sues et al. [11]. Samples were withdrawn under sterile
conditions during cultivation at regular intervals where the liquid fractions after centrifugation at
3000 g for 5 min were stored at —20 °C for further analyses. At the end of the cultivation, the biomass
was harvested using a sieve (1 mm? pore size) and washed thoroughly with distilled water to remove
extracellular medium residuals. All cultivations were carried out in duplicate.

2.4. Analyses

The harvested biomass was dried to constant weight in an oven at 70 °C and biomass yields are
reported as g of biomass per liter of the dairy substrate.

Profiles of glycerol, lactic acid, lactose, glucose, other sugars, ethanol, and fatty acids were
constructed based on high-performance liquid chromatography (HPLC) analysis. A hydrogen-ion
based ion-exchange column (Aminex HPX-87H, Bio-Rad, Hercules, CA, USA) at 60 °C and 0.6 mL/min
of 5 mM H,SO, was used for analysis of all components except fatty acids. Myristic, palmitic, oleic,
and stearic acids were analyzed using a C18 XBridge BEH Phenyl column (Waters Corporation, Milford,
MA, USA) at 45 °C and 0.6 mL/min of acetonitrile-water (85:15). An ultraviolet (UV) absorbance
detector (Waters 2487, Waters Corporation, Milford, MA, USA), operating at 210 nm wavelength, was
used in series with a refractive index (RI) detector (Waters 2414).

Derivatization of the fatty acids in the experimental samples and respective standard mixtures
was carried out as follows: 0.5 mL of the sample was dried under nitrogen stream followed by the
addition of 0.5 mL of 20 mg bromoacetophenone/mL acetone and 0.5 mL of 25 mg triethylamine/mL
acetone. The mixture was vortexed and then placed in a heating block at 100 °C for 15 min with the
tubes open. After cooling, 0.75 mL of 10 mg acetic acid/mL acetone were added, heated at 100 °C for
5 min, and then dried under nitrogen stream. The volume of the samples was adjusted to 1 mL with
acetonitrile-water (85:15), vortexed, centrifuged, and the supernatant was used for HPLC analysis.

The nitrogen content of solid and liquid fractions of cream was analyzed using the Kjeldahl
method according to [3].

2.5. Statistical Analysis

All experiments performed in this study have been carried out in duplicate and the average
values plus the error bars representing two standard deviations are illustrated on the graphs. The data
acquired were statistically analyzed using MINITAB® 17 (Minitab Ltd., Coventry, UK). A general linear
model with a confidence interval of 95% was applied for the analysis of variance (ANOVA). To have
a better understanding of the extent of differences between results obtained, pairwise comparisons
according to Tukey’s test were performed.

3. Results and Discussion

Generally, dairy waste can be divided into fat-rich and low-fat substrates, where lactose
contributes a great fraction of the chemical oxygen demand in the latter [12]. Understanding lactose
consumption by A. oryzae and N. intermedia has previously been a subject of research [3]. Nonetheless,
further investigation on fat degradation by edible filamentous fungi is needed in order to build a
process that will lead to full conversion of the nutrients present in dairy waste to various value-added
products. The present study focused on the influence of pH on fat degradation in order to give
further insights regarding the optimal conditions for lipase production by A. oryzae, the lactic acid
concentration as a result of bacterial growth, and the need for dairy waste sterilization before fungal
cultivation. Furthermore, a characterization of the fatty acids released during fat degradation is
presented together with a proposal for an integrated bioconversion process where all dairy waste is
converted to various value-added products using edible filamentous fungi.
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3.1. The Effect of pH on Fat Degradation by A. oryzae

Species belonging to the Aspergillus genus can grow at a wide range of pH values which together
with temperature among other parameters, can influence enzyme production and activity [13].
Therefore, A. oryzae was grown in cream with pH initially adjusted from 4.3 to 7. As can be observed
in Figure 1, pH played a crucial role on fat degradation, where the amount of glycerol released (as a
result of fat degradation) increased from 0.5 g/L at acidic pH to 17.2 g/L at neutral pH. Differences
in glycerol concentration were more evident up to pH 6 than within the pH interval 6-7 (Figure 1).
Thus, at the examined conditions, production of lipase by A. oryzae was favored at neutral pH, which
is in agreement with previous studies [14]. Neutral pH has also been observed to induce the highest
lipase activity by A. flavus, while a pH of 6 was reported to induce the highest lipase activity in
A. niger [15]. Therefore, pH values leading to the highest lipase activities vary naturally among
Aspergillus species. The present research adds further insights into the biological conversion of dairy
substrates by A. oryzae, since its lactase was found to have the highest activity within the pH range of
4-6 [3]. Furthermore, a temperature range of 30-37 °C is reported to induce maximal lipase activity
by Aspergillus species [13-15]. Since the pH had not been kept constant during cultivation, a further
experiment was carried out to establish a relationship between pH value and biomass production over
time (Figure 2). The initial pH of cream after sterilization was 6.18 £ 0.11 and it decreased continuously
to 5.36 + 0.02 after 94 h and remained unchanged until the end of cultivation. As can be seen in
Figure 2, as the pH reached 5.3, the biomass weight profile reached a plateau at ~5 g/L. This implies
that low pH interferes with the growth of A. oryzae in cream media. It remains to be revealed how
the decreasing pH influences the degradation of fat with consequent release of glycerol at longer
cultivation times since a plateau has not been reached (Figure 1).
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Figure 1. The effect of pH on fat degradation and glycerol release by A. oryzae in cream.
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Figure 2. The trend of change in pH (J) and biomass (®) concentration in the medium containing
cream and A. oryzae.
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3.2. Fatty Acids Released by A. oryzae Fat Degradation

The contents of the fatty acids palmitic, myristic, stearic, and oleic acids were followed during
cultivation in cream initially adjusted to pH 6. In complete agreement with the overtime release
of glycerol, an increase in the release of the analyzed fatty acids was observed during cultivation
(Figure 3). The final concentration of palmitic (4.56 &= 0.44 g/L) and myristic (3.68 & 0.08 g/L) acids
were considerably higher than that of stearic and oleic acids (less than 1 g/L of each). This difference in
the release of fatty acids may be due to the type and activity of the lipase produced by A. oryzae [14,16].
Lipases are selective on the substrate; therefore, the final product depends on whether the initial
substrates are more concentrated in tri-, di-, or mono-glycerides [17]. In addition, lipases are
regioselective, with preference to act depending on the positioning of the fatty acids on the glycerol
backbone. Svendsen [17] has reported that fungal lipase preferably acts on snl and sn3 positions on
the triglyceride backbone. It is noteworthy that in milk fat triglyceride backbone, short chain fatty
acids usually take sn3 and positions snl and sn2 are occupied by longer chain fatty acids [18].

Concentration (g/L)

Time (h)
--4--- Myristic acid —— Oleic acid
—O— Palmetic acid ---@--- Stearic acid

Figure 3. Changes in the concentration of main fatty acids in cream during the cultivation of A. oryzae.

However, when taking the lipid composition into account the detected glycerol concentration was
more than 10 times higher than that of fatty acids. Thus, most likely the fungus is either metabolizing
or storing the released fatty acids.

As reported by [3], in contradiction to low-fat dairy media, in cultivation of A. oryzae in fat-rich
dairy cream medium there is a metabolic shift from lactose utilization to fat degradation. However,
surprisingly, there seemed to be both very poor lactose consumption (lactose concentration remained
constant throughout the cultivation [3]) and fat degradation in the case of creme fraiche, although both
cream (40% fat) and créme fraiche (38% fat) are fat-rich dairy media. This activity hindrance may be due
to the presence of about 11 g/L of lactic acid in the as-received créme fraiche that drops the initial pH
to about 4.3, which according to previously obtained results is an unfavorable pH for fungal lipase
activity. Therefore, the pH value effect on fat degradation was also investigated using creme fraiche as
substrate (Figure 4). Expectedly, the increase in pH towards neutral range boosted fat degradation
where glycerol release of up to 12 g/L at pH 6.5 was obtained.
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Figure 4. Glycerol yield in pH adjusted créme fraiche medium inoculated by A. oryzae.

3.3. Lactic Acid and Glycerol Consumption by A. oryzae

In non-sterile cream, as in the case of cream waste, the present bacterial consortium, mainly
constituted by lactic acid bacteria, can grow on the lactose substrate, producing lactic acid as the main
product. Lactic acid is partly behind the sour taste and rancid smell of expired dairy products. The lactic
acid content of the medium as reported in the literature can act as fungicide [19,20], thus hindering the
favorable metabolic activity of the fungal strain. On the other hand, as an increase in the concentration
of lactic acid in the cultivation medium results in a drop of the pH, it may alter the trend of fat
degradation by A. oryzae. Therefore, to study the effect of concomitant presence of A. oryzae and lactic
acid bacteria in cream, the ability of A. oryzae to consume lactic acid as the sole carbon source was
tested in semi-synthetic medium (Figure 5). Results from cultivation of A. oryzae in non-sterile cream
can be found in a previous work [3]. As it can be observed, in the presence of a nitrogen source and
16 g/L of lactic acid the fungus was able to consume 37.5% of the acid within 96 h of cultivation.
The degradation of lactic acid by different filamentous fungi including A. oryzae has been previously
reported [3,21,22]. These results are promising when it comes to long cultivation periods, since if a
stepwise process is applied, A. oryzae initially consumes lactic acid, and subsequently as the pH rises
fat degradation will become dominant. This becomes even more critical when it comes to dairy waste,
which contains considerable amounts of lactic acid bacteria that are constantly consuming lactose and
producing lactic acid. In the presence of both the fungus and lactic acid bacteria, there seems to be no
interference or interruption in the metabolic activity up to a certain initial lactic acid concentration,
however, further metabolic behavior in this system is closely dependent on whether the lactic acid
bacteria or fungus takes over the culture later in the cultivation process. This has also been proven in
the work of de Vrese et al. [23]. Moreover, as A. oryzae has been reported to be a poor lactose consumer
in fat-rich dairy media [3], parallel production of lactic acid by lactic acid bacteria that can be consumed
by the fungus as a secondary substrate can be of interest from a process development point of view.

With the intensification of biodiesel production as a fuel replacement to diesel, the worldwide
production of glycerol has concomitantly increased. Due to its surplus, the price of glycerol will
have the tendency to decrease. Therefore, instead of considering glycerol as a final product, it is
also considered in this study as a potential carbon source for A. oryzae. The fungus was grown in
a semi-synthetic medium containing about 27 g/L glycerol as the sole carbon source together with
magnesium, calcium, potassium, and ammonium salts, where the effect of absence or presence of yeast
extract was investigated. As presented in Figure 5, when the medium was supplemented with yeast
extract, 95% of the initial glycerol in the medium was consumed within 96 h of cultivation, while only
10% of the initial glycerol was consumed when yeast extract was absent. The results are in compliance
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with 7.09 + 0.78 and 0.61 £ 0.13 g/L of biomass produced in cultivation media supplemented or not
with yeast extract, respectively.
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Figure 5. Utilization of lactic acid (dashed line) and glycerol (solid line) by A. oryzae in mediums
supplemented with salt mixture (O) or salt and yeast extract ([).

3.4. Cultivation of A. oryzae in Different Fractions of Cream

Since the metabolic activity of A. oryzae alters in fat-rich dairy media, where lactose consumption
is suppressed and lipid degradation encouraged, the ascomycete was cultivated in separated liquid
and solid fractions of cream [3]. The results of cultivation of A. oryzae in cream fat and fat-free cream
fractions are presented in Figure 6. The activity of the fungal strain in the fat-free portion of cream
towards lactose utilization even at low and favorable pH 4.3 for A. oryzae lactase activity was low.
Only 17%, 5%, and 5% of the initial lactose was assimilated by A. oryzae at pH 4.3, 5.3, and 6.3 by the
end of cultivation, respectively (Figure 6A). Taking into account the C/N ratio of 4 obtained by the
Kjeldahl analysis, the poor lactose consumption should not be related to lack of nitrogen but to other
nutrients that remained in the solid fraction after centrifugation. According to statistical analysis of
the results, lactose consumption at pH 4.3 was significantly higher (p value = 0.001) than that at 5.3
and 6.3, which relatively had no significant difference (p value = 0.126). These differences were also
corroborated by the biomass yields obtained of 9.96 £ 1.90, 5.38 & 0.42, and 2.48 £ 0.56 g/L after
cultivation at pH 4.3, 5.3, and 6.3, respectively.

30
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Time (h)
—&— Fat-water pH 5.3 —O— Fat-water pH 6.3
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Figure 6. The changes in the (A) lactose content of the fat-free cream fraction inoculated with A. oryzae
at different pH values and (B) glycerol concentration of the cream fat fraction inoculated with A. oryzae
at different pH values and medium compositions.
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Regarding the cultivation of A. oryzae in the fat-rich fraction of cream (Figure 6B) diluted with
water or salt solution at different pH values, it can be observed that at pH 5.3 when the medium
was provided with adequate salt mixture (including a nitrogen source in the form of ammonium),
the concentration of glycerol released (11.11 £ 1.15 g/L) was significantly (p value = 0.005) higher
than that when the cream fat was only diluted with water (6.88 £ 0.04 g/L). In comparison to
salt supplemented medium at pH 5.3, no significant differences were observed regarding glycerol
concentrations at pH 6.3 in cultures with water (12.98 £ 0.91 g/L) or salt solution (14.23 £ 0.88 g/L).
Although the fungal biomass harvested from the salt supplemented cultivation medium at pH 6.3
(2.17 £ 0.12 g/L) was the highest of the four preparations, the intercellular lipid accumulated and
released during oven drying of A. oryzae biomass [3] interferes with exact biomass measurements.

3.5. Proposed Integrated Bioconversion Unit of Dairy Substrates to Various Value-Added Products

The present study adds further insights into process requirements for full conversion of the
nutrients in dairy waste to value-added products. A. oryzae has previously been found to change its
metabolic preference, where fat degradation is preferred over lactose assimilation in fat-rich media
and vice-versa. Such an expressive metabolic shift (based on the amount of glycerol released) has
not been found for Neurospora intermedia, where lactose consumption assumes the highest relevance
independently of the medium used [3]. Such performance differences call for an integrated process
where both fungi are used in series (Figure 7) within a biorefinery-based concept for valorization
of dairy waste. Overall, fat-rich dairy waste can be diluted with sour milk, cheese whey, or any
other low-fat waste material to a fat content within 10-40% and used for cultivation with A. oryzae
in a first bioreactor under aerobic conditions. During this first stage, A. oryzae will degrade fat and
likely proteins, releasing fatty acids and glycerol. The medium is filtrated into a second aerobic
bioreactor where N. intermedia receives a stream rich in lactose, lactic acid, glycerol, and fatty acids and
produces biomass that can be easily separated by sieving and sold possibly for animal feed or human
food applications. Despite the edible character of A. oryzae, further studies need to be performed
within the overall process development in order to evaluate its suitability for animal feed or human
consumption, since the growth substrate will be very heterogeneous. Depending on the conditions
applied, the final liquid fraction should be very low in organic matter, which eases water recycling,
and with fatty acids that can also have feed or human food applications. Further studies are needed in
order to investigate the process performance at reactor scale and the influence of, for example, oxygen.
Altogether, filamentous fungi can be used to tackle a social and environmental problem of increasing
amounts of dairy waste, via building an integrated bioconversion process that can supply several
different products into various industrial sectors.

Fungal Fungal
biomass biomass
Fat-rich . . L i
d .at re " A. oryzae > »| N. intermedia > Otr] orggfimlc t
airy waste fungal biomass fatty acids fungal biomass matter ettiuen
fatty acids Filter 1 glycerol fatty acids Filter 2
glycerol lactose
lactose proteins
Bioreactor 1 proteins Bioreactor 2

Figure 7. Schematic of the proposed integrated bioconversion process stages for fungal bioconversion
of fat-rich dairy substrates to value-added products.
4. Conclusions

The present study adds important insights on the valorization of fat-rich substrates. The pH
was found to have a critical effect on fat degradation by A. oryzae during growth in cream and
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fermented creme (créme fraiche). The concentration of released glycerol was 0.5 and 17 g/L during
fungal cultivation in cream at acidic and neutral pH, respectively; a range of 1.7-12 g/L was observed
when changing from acidic to neutral pH in créme fraiche. It was also found that a high concentration
of lactic acid, due to contamination, will not have a negative impact on fat degradation by A. oryzae.
Due to suppression of lactose consumption in fat-rich media, a two-stage cultivation using A. oryzae as
a fat degrader and Neurospora intermedia as a lactose consumer is hypothesized to be the right strategy
to build a biorefinery resembling process around dairy waste for supply of biomass for feed or human
consumption, fatty acids, and low organic matter-containing effluent of easy disposal, or for easy
water recycling.
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