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Abstract Cheese whey fermentation with Kiuyveromyces
marxianus was carried out at 40 °C and pH 3.5 to examine
simultaneous single-cell protein production and chemical
oxygen demand (COD) removal, determine the fate of
soluble whey protein and characterize intermediate
metabolites. After 36 h of batch fermentation, the biomass
concentration increased from 2.0 to 6.0 g/l with 55 %
COD reduction (including protein), whereas soluble whey
protein concentration decreased from 5.6 to 4.1 g/L. It was
confirmed through electrophoresis (SDS-PAGE) that the
fermented whey protein was different from native whey
protein. HPLC and GC-MS analysis revealed a change in
composition of organic compounds post-fermentation.
High inoculum concentration in batch fermentation resul-
ted in an increase in biomass concentration from 10.3 to
15.9 g/l with 80 % COD reduction (including protein)
within 36 h with residual protein concentration of 4.5 g/L.
In third batch fermentation, the biomass concentration
increased from 7.3 to 12.4 g/L with 71 % of COD removal
and residual protein concentration of 4.3 g/L. after 22 h.
After 22 h, the batch process was shifted to a continuous
process with cell recycle, and the steady state was achieved
after another 60 h with biomass yield of 0.19 g biomass/g
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lactose and productivity of 0.26 g/L h. COD removal
efficiency was 78-79 % with residual protein concentration
of 3.8—4.2 g/L.. The aerobic continuous fermentation pro-
cess with cell recycle could be applied to single-cell pro-
tein production with substantial COD removal at low pH
and high temperature from cheese whey.

Keywords Single-cell protein - Cheese whey -
COD - Whey protein - Intermediate metabolites - Cell
recycle

Introduction

Cheese whey is a by-product of the cheese-producing
industry, which is considered as an environmental pollutant
due to its high biological oxygen demand (BOD) of
40-60 g/l and chemical oxygen demand (COD) of
60-80 g/L. The main components of cheese whey are
lactose (4.5-5.0 % w/v), soluble proteins (0.6-0.8 % w/v),
lipids (0.4-0.5 % w/v) and mineral salts (0.8-1.0 % w/v)
[1, 2]. The whey protein is the second dominant component
in cheese whey. Whey protein is a mixture of different
proteins which are composed of B-lactoglobulin (40-50 %
w/w), o-lactalbumin (12-15 % w/w), immunoglobulin’s
(8 % w/w), bovine serum albumin (5 % w/w), lactoferrin
(1 % w/w), lactoperoxidase (0.5 % w/w), proteose-peptone
and glycomacropeptide (12 % w/w) [3].

Production of cheese whey is on the rise due to increase
in demand of milk and milk-derived products. As per Food
and Agriculture Organization (FAO) 2005 report, the
worldwide annual production of cheese whey was around
139 billion kilograms of which 35.2 and 3.1 billion kilo-
gram were generated in USA and Canada, respectively,
with a global annual growth rate of 2 % [4-6]. Around half
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of the whey is either dumped into sewers or disposed on the
land [4]. The disposal and land application have detri-
mental impact on health and environment [4, 7]. The
availability of surplus amount of cheese whey provides an
opportunity to apply various biotechnological processes to
convert it into value-added products such as ethanol, lactic
acid, enzymes, biopolymer, biogas and single-cell protein
(SCP) [1, 2]. Bioconversion of whey into SCP has become
one of the best solutions and is carried out in many
countries [1, 2, 8]. The use of whey for the production of
proteinaceous yeast biomass has several advantages such as
it is a simple treatment process (i.e., reduction of cheese
whey COD) and the final discharge of the whey is facili-
tated, since the pollutant load is significantly reduced and
the whey lactose is converted into proteinaceous yeast
biomass.

The SCP is generally produced using yeasts such as
Kluyveromyces, Candida and Trichosporon species as they
can naturally metabolize whey lactose [9]. Kluyveromyces
marxianus species have been the most widely studied for
SCP production from cheese whey and categorized as
generally regarded as safe (GRAS) microorganism for food
and feed applications [9—11]. SCP production is a good
alternative for whey treatment; however, there are some
challenges during processing: (1) economy of the process
and contamination problem; (2) low efficiency of COD
removal; (3) fate and recovery of soluble whey protein
after fermentation (when raw whey is fermented without
protein removal). On-site production of SCP as animal feed
using cheese whey is not commercialized due to contami-
nation problems and poor economic return [12-15]. The
fermentation at extreme conditions such as low pH (3—4)
and high temperature (40 to 45 °C) has been suggested to
prevent the contamination problem [1, 16]. Few large-scale
industries are able to remove the whey proteins before
fermentation through membrane separation technology
(ultrafiltration and nanofiltration); however, application of
membrane technology is not possible for small- and med-
ium-scale industries due to economic reasons [15, 17]. Till
date, most of the studies and trends for SCP production use
whey permeate (after removal of whey protein by ultrafil-
tration) [2, 18-20]. Therefore, there is a need of an alter-
native process, which could efficiently tackle the problems
with on-site utilization of cheese whey.

The SCP production and COD removal can be carried
out employing basic bioprocess engineering principle
through running different modes of fermentation, such as
batch, fed-batch or continuous process. However, each
process has its own advantage and disadvantage. The
choice of the mode depends on the objective, i.e., pro-
duction or treatment or both. However, batch process
information is always essential before running the contin-
uous or fed-batch process. Moreover, continuous process is
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usually preferred on industrial scale due to economic rea-
sons [21].

Thus, the aim of the present research was to study a
fermentation strategy for yeast SCP production, with high
COD removal using raw cheese whey (with protein) as
substrate, at low pH and high temperature to minimize
contamination. Further, the study was also undertaken to
characterize the residual soluble whey protein and inter-
mediate compounds produced during fermentation.

Materials and methods
Cheese whey

Fresh cheese whey was obtained from the cheese-produc-
ing industry in Quebec, Canada, and stored at —20 °C until
use. The major composition of cheese whey is presented in
Table 1. Higher lactose concentration in the whey increa-
ses the chances of ethanol formation [22]. Therefore, the
cheese whey with COD of 68.0 & 2.0 g/L was diluted to
COD of approximately 50.0 g/L, and the diluted one was
used in batch and continuous fermentation processes.

Microorganism

A strain of yeast K. marxianus was isolated from cheese
whey and identified by biochemical and molecular methods
in our laboratory (accession number GQ 506972). The
culture was subcultured on de Man, Rogosa and Sharpe
(MRS) agar plates and incubated at 35 °C for 24 h and
preserved at 4 °C for future use.

Inoculum preparation

MRS broth was prepared and sterilized at 121 °C for
15 min. A loopful of K. marxianus grown on MRS agar

Table 1 Composition of cheese whey

Characteristics Concentration
Color Yellowish
Total solids (g/L) 65 £ 2
Suspended solids (g/L) 0.7 £ 0.1
Protein (g/L) 7+£05
Lactose (g/L) 45 £ 2
COD (g/L) 68 £ 2
pH 35+03
Calcium (g/L) 0.45
Phosphorus (g/L) 0.45
Potassium (g/L) 1.50
Sodium (g/L) 0.77
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plates was used to inoculate 100 mL Erlenmeyer flask
containing 20 mL of MRS media. The flask was incubated
in an incubator shaker at 150 rpm and 35 °C for 12 h. The
actively grown cells from the flask were used as a pre-
culture to inoculate 2 L FErlenmeyer flask containing
500 mL of pasteurized cheese whey and incubated under
conditions as described above. The actively grown cells
from the flask were used as the inoculum to inoculate 10 L
medium in the bioreactor.

Fermentation

Fermentation was carried out in a stirred tank 15 L biore-
actor (working volume: 10 L, Biogenie, Quebec, Canada)
equipped with accessories and programmable logic control
(PLC) system for dissolved oxygen (DO), pH, anti-foam,
impeller speed, aeration rate and temperature. The software
(iFix 3.5, Intellution, USA) allowed automatic set-point
control and integration of all parameters via PLC. Before
each sterilization cycle, the polarographic pH electrode
(Mettler Toledo, USA) was calibrated using buffers of pH
4 and 7 (VWR, Canada). The oxygen probe was calibrated
to zero (using N, gas) and 100 % (air saturated water).
Fresh cheese whey (10 L) with initial COD 50.0 g/L. was
transferred to a 15 L bioreactor followed by pasteurization
for 15 min at 80 °C and pH 3.5 (original pH of the whey).
After pasteurization, the temperature was reduced to 40 °C
and the DO probe was re-calibrated. The fermentation was
conducted at low pH (3.5) and high temperature (40 °C) to
minimize the chances of contamination, which is one of the
most common problems in industries [1, 16]. The biore-
actor was inoculated with appropriate inoculum as descri-
bed below. Three fermentation runs were conducted with
normal, high and medium-cell-density inoculums as
described below.

Fermentation with normal cell density inoculum

The first batch bioreactor was inoculated with 5 % (v/v)
inoculum (initial suspended solids concentration 2.0 g/L)
of K. marxianus which was prepared as described earlier.
To keep the DO above 25 % saturation (critical DO for K.
marxianus), air flow and agitation rates were appropriately
adjusted. The pH 3.5 was maintained using 4 N H,SO, or 4
N NaOH and polypropylene glycol (PPG, Sigma-Canada)
(0.1 % vl/v) solution was used to control foam during fer-
mentation. The fermentation was carried out for 36 h.

Fermentation with high-cell-density inoculum
The second batch fermentation was carried out with high-

cell-density inoculum (initial suspended solids concentra-
tion 10.3 g/L). The inoculum was prepared by growing K.

marxianus in a 10 L (working volume) bioreactor for 24 h.
To obtain rapid growth of K. marxianus, the fermentation
(inoculum production) was conducted at pH 5.5 and tem-
perature 35 °C using diluted cheese whey (initial COD
50.0 g/L) as substrate. The fermented broth was centri-
fuged aseptically to obtain a concentrated biomass, which
was used as the inoculum.

The bioreactor preparation and feed pasteurization for
the second batch was similar to the first batch fermentation,
except that the second batch fermentation feed (cheese
whey) was supplemented with urea (0.22 % w/v, which was
optimized in the shake flask study) as extra nitrogen source
to minimize nitrogen limitation. Urea as nitrogen supple-
ment was chosen because it is cheaper compared to other
nitrogen sources and its consumption, unlike ammonium
sulfate, does not change the pH of the medium [23]. The
fermentation was conducted at pH 3.5 and 40 °C for 36 h.

Batch fermentation with medium-cell-density inoculum
followed by changing to continuous fermentation

The third batch fermentation was conducted with medium-
cell-density inoculum (initial suspended solids concentra-
tion 7.3 g/L). The inoculum was prepared similarly to the
second batch. The batch fermentation process in this case
was changed to a continuous process with hydraulic
retention time (HRT) 24 h, after 22 h of batch operation.
The bioreactor preparation and feed (fortified with 0.22 %
w/v of urea) pasteurization were similar to the second batch
fermentation.

In batch fermentation, the specific growth rate (1) was
calculated by the slope of the line of a semi log plot of cell
concentration versus time. For the continuous fermentation
with cell recycle system, at steady state the following
equations were derived using mass balance [21] in the
bioreactor (Fig. 1) to calculate the specific growth rate (u):

p=D[1 +r(l — o) (1)

where

Factor of cells concentration (o) = YI

1

" HRT
F=—"

F

In which X and X, are the biomass concentration in the
bioreactor and centrifuged biomass (recycle stream),
respectively; F, F,, Fi, r, V and D represent the feed
flow rate (L/h), recycle flow stream (L/h), total flow in the
reactor (L/h), recycle ratio, working volume of the reactor
(L) and the dilution rate (1/h). X, and X, represent the
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Fig. 1 Schematic diagram of continuous fermentation with cell
recycle system

biomass concentration in feed and supernatant, respectively
(Fig. 1). The high-cell-density biomass (between 12.0 and
13.0 g/L) during the continuous fermentation was
maintained by recycling the centrifuged biomass. The
raw cheese whey feeding (fortified with 0.22 % w/v urea),
sampling, and biomass recycling feed flow were controlled
using an external peristaltic pump (Masterflex, Cole-
Palmer, USA). The recycled biomass was prepared by
centrifuging the fermented effluent of the bioreactor and
the volume was maintained as desired. When the system
reached a steady state, it was operated continuously for
8 days (192 h) at 24 h HRT.

Analytical methods

The samples were withdrawn at regular intervals (in all
three runs) and analyzed for cell concentration (colony
forming unit—CFU), yeast biomass (suspended solids),
reducing sugar (lactose), COD and soluble protein. The
total cell count (CFU/mL) was determined by a standard
agar plate technique. The appropriately diluted samples
were plated on MRS agar plates and incubated at 35 °C for
24 h to get the isolated colonies. Suspended solids were
measured using APHA Standard Methods [24]. Reducing
sugar (lactose) concentration was measured by using
dinitro salicylic acid (DNS) method [25]. 1 mL of appro-
priately diluted sample, 2 mL of distilled water and 2 mL
of DNS solution were transferred to a test tube, followed by
incubation in a water bath at 100 °C for 5 min. After that,
15 mL of distilled water (to cool down the reaction mixture
and thus to stop the reaction and to dilute the color) was
added to the reaction mixture. Absorbance of the solution
was read by a spectrophotometer at 540 nm, which was
compared to the standard curve. COD was measured
according to APHA Standard Methods [24] using a closed
reflex, colorimetric method. Soluble protein concentration
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was determined by Lowry et al.’s [26] method using 1 mg/
mL bovine serum albumin (BSA) as standard.

The protein content in the biomass at the end of first
batch fermentation was determined using the method
described by Lopez et al. [27] with some modification. The
biomass was treated with lysis buffer, which contains
5 mL/L of Triton X-100, 0.372 g/L of ethylenediaminete-
traacetic acid (EDTA) and 0.035 g/L of phenylmethylsul-
fonyl fluoride (PMSF). Then the biomass suspension was
incubated for 20 min under shaking condition at room
temperature. After incubation, the sample was sonicated
for 5 min with ultrasonic homogenizer Autotune 750W
(Cole-Parmer Instruments, Vernon Hills, Illinois, US) to
increase lysis of the cells and release the protein. The
protein concentration was measured by Lowry et al.’s [26]
method.

All the analyses were carried out in triplicate and the
average values are presented (with standard error less than
5 % of the mean).

Characterization of residual protein and intermediate
compounds

Electrophoresis of native whey and fermented whey protein

The nature of the residual protein in the centrifuged
supernatant of the first batch yeast-fermented cheese whey
was evaluated using electrophoresis and was compared
with the native whey protein. Sodium dodecyl poly-
acrylamide gel electrophoresis (SDS-PAGE) was carried
out according to the protocol of Laemmli [28]. Acryla-
mide/bis-acrylamide gel 10 % was used to prepare
resolving gel, whereas 5 % acrylamide/bis-acrylamide gel
was used as stacking gel. Samples were prepared with
sample loading buffer and heated for 3 min at 100 °C
before loading to the gel. One lane was also loaded with
molecular weight (MW) marker (Sigma, USA) to evaluate
the approximate MW of the proteins. After loading the
samples, gel electrophoresis was conducted in VWR
electrophoresis unit and was run at a constant voltage of
100 mV for 4 h. Then gel was rinsed with water and
stained with coomassie blue solution for 45 min followed
by de-staining overnight.

Evaluation of sugar and intermediate compounds
in whey and fermented whey

The cheese whey and centrifuged fermented whey
(supernatant) were characterized for their sugars and
intermediate compounds (produced during fermentation)
to evaluate the components responsible for residual COD
in the supernatant. The analysis was carried out by HPLC
and GC-MS.
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HPLC analysis

The analysis of sugar and intermediate compounds pro-
duced during fermentation was performed using HPLC.
The samples of cheese whey and fermented broth were
centrifuged at 5,000 rpm for 10 min to remove the sus-
pended particles. The collected supernatants from centri-
fuged samples were filtered to obtain a clear liquid with
Nanosep MF Centrifugal Devices purchased from Pall Life
Sciences, USA. The following conditions were used for
sugar analysis by HPLC: mobile phase solvent, 480 mM
sodium hydroxide solution; isocratic flow rate 0.4 mL/min,
analytical column 4 x 250 mm dimension (Carbopack™
MA1) from Dionex, Dionex ED40 Electrochemical
Detector (ED); the data were analyzed using Chromeleon
software [29]. The retention time of the standard sugars
were determined by running the standard glucose, galact-
ose and lactose (Sigma Chemicals, USA). After determi-
nation of the retention time of standards, the samples were
run through the HPLC under optimum conditions to obtain
the sugars and other intermediates profile.

GC-MS analysis

The cheese whey and centrifuged fermented whey super-
natant samples were extracted for analysis of intermediate
compounds in two different ways. Firstly, the samples were
directly extracted with solvent and, secondly, the samples
were distilled and the distillate was extracted by solvent.
The two extraction methods were used because precipita-
tion occurred during direct solvent extraction, whereas
there were chances of loss of some volatile compounds
during distillation. The whey and the supernatant samples
(original and distillate) were extracted with dichlorometh-
ane (CH,Cl,). 100 mL of samples (whey and supernatant)
were extracted five times with 5 mL of CH,Cl, each time.
The extracted samples in CH,Cl, were concentrated with
liquid nitrogen, followed by filtration through 0.4 pm filter.
The filtered samples were used for analysis of the inter-
mediate compounds through GC-MS. GC-MS analysis
was carried out by some modification in the Dragone et al.
[30] protocol. PerkinElmer Clarus-500 GC-MS system was
used. Separations of different compounds were performed
on a fused silica capillary Innowax column (length-30 m,
LD 0.25 mm, film 0.25 pm, Agilent Technology) with
1 uL of injected sample. The injection was performed in
split mode (10:1). Helium was used as the carrier gas at
constant flow of 1 mL/min. The oven temperature was
programmed from 60 to 250 °C at a rate of 5 °C/min with
an initial 5 min hold time and a final hold time of 20 min.
The detector was set to electronic impact mode (70 eV),
with an acquisition range from m/z 29 to m/z 360. Identi-
fication of volatile and semi-volatile compounds was

performed using the software Turbo Mass with National
Institute of Standard and Technology (NIST) library.

Result and discussion

Variation of different parameters during cheese whey
fermentation with K. marxianus

The first batch fermentation was conducted without sup-
plementation of external nitrogen source due to the fact
that previous research report did not use extra nitrogen
when cheese whey was used as a growth medium for
Kluyveromyces species [7, 31]. Furthermore, this allows us
to evaluate the protein consumption profile and the fate of
protein without addition of an external nitrogen source. The
nitrogen source was supplemented only when whey per-
meate was used as the growth medium [13, 20].

The results of the cell count, biomass (suspended sol-
ids), lactose, COD and soluble protein concentrations
during fermentation are presented in Fig. 2. The cell count
(CFU/mL) of K. marxianus increased with time and
reached maximum (4.60 x 10> CFU/mL) in 30 h. Yeast
biomass (suspended solids) concentration during fermen-
tation was also increased and reached 6.0 g/L at 24 h of
fermentation. The values of specific growth rate (u),
productivity (g/L h) of the biomass and the yield (Y,/)
were found to be 0.20 h™', 0.16 g/L h and 0.12 g biomass/
g lactose consumed, respectively. The specific growth rate
(um) 0.37 h™!, biomass yield Y, 0.37 g/g, biomass con-
centration 15.0 g/L and biomass productivity 1.27 g/L h of
K. marxianus at pH 5.0 and temperature 30 °C have been
reported by Lukondeh et al. [32] with 40.0 g/L initial
lactose concentration in the synthetic medium. Compara-
tively lower biomass yield and productivity in the present
work might be due to two reasons: (a) extreme fermenta-
tion conditions (i.e., low pH 3.5 and high temperature
40 °C) used in this work to minimize the contamination
problem and (b) deficiency of easily assimilable nitrogen in
the medium, because external nitrogen was not supple-
mented and very low quantity of protein (26 % of the
initial protein) present in the medium was consumed by the
yeast (as presented below). However, nitrogen deficiency
may not be very important as Ghaly and Kamal [7]
reported higher yield (0.44 g/g), but low specific growth
rate (0.15 h_l) (Table 3) during the production of SCP
using undiluted cheese whey at 31 °C and pH 4.4 without
external nitrogen supplement. To eliminate this possibility,
we conducted shake flasks experiments (initial pH 3.5 not
controlled during the experiments) at different concentra-
tions of urea and found that a 0.22 % w/v urea concen-
tration was optimum with 10 % improvement of the
biomass yield. On the other hand, maximum yield and
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productivity of Kluyveromyces species have been reported
at pH 4.4 and 5.8 and temperature 31 and 30 °C in batch
processes while cultivating K. marxianus on cheese whey
[7] and whey permeate [20], respectively (Table 3). Thus,
the yeast cells cultivated at higher temperature and low pH,
used in this study, needed higher maintenance energy
(diverting higher amount of lactose toward catabolism),
which led to a decrease in the biomass yield [33].

The protein content of the yeast biomass (or suspended
solids) at the end of fermentation was found to be 42 %
w/w, which was higher than the required minimum protein
content (40 % w/w) of the yeast biomass (animal feed) as
per the guidelines of Association of American Feed Con-
trol Officials (AAFCO) [34].

Most of the lactose (30.0 g/L) was consumed within 18 h
and the final residual lactose concentration was less than
1.0 g/ (Fig. 2). The soluble whey protein concentration
decreased up to 12 h (Fig. 2) and slightly increased from 12
to 18 h, which may be due to the excretion of cellular pro-
teins and enzymes. After that, the soluble protein concen-
tration remained almost constant until the end of the
fermentation process (36 h). A similar trend in protein con-
sumption has been reported [22]. Decrease in soluble protein
concentration during the first 12 h of fermentation could be
due to its consumption by microorganisms as nitrogen
source. This hypothesis was supported by the fact that K.
marxianus and Lactobacillus species are known to have
proteolytic activity on whey proteins [35, 36]. K. marxianus
is known to possess serine carboxypeptidase and lysine
aminopeptidase [37]. The stable concentration of soluble
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Fig. 2 a Variation in cell concentration (CFU/mL) and biomass with
respect to time during fermentation. b Variation in lactose, COD and
protein concentration during fermentation
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protein after 18 h might be due to the partial consumption of
protein and simultaneous secretion of extracellular enzymes
by K. marxianus (such as inulinase and lipase), as this yeast
is known to produce various enzymes [11].

COD decreased rapidly up to 18 h (Fig. 2) of fermen-
tation followed by a slow reduction. This could be due to a
rapid increase in the yeast biomass concentration which
consumed most of the lactose during the first 18 h. How-
ever, COD continued to decrease from 18 h until the end of
fermentation (36 h), which could be due to the consump-
tion of intermediate compounds that might have formed
during the first 18 h or was already present in the cheese
whey. COD reduction of 55 % was achieved at the end of
fermentation. High residual COD (21.8 g/L) in the fer-
mented whey supernatant was due to residual soluble
protein (4.1 g/L) and other residual organic compounds
(present in cheese whey as well as those produced during
fermentation) [38]. Intermediate metabolites such as
organic acids (pyruvic acid, malic acid, acetic acid, citric
acid, propionic acid, fumaric acid and others) were repor-
ted to be produced during whey fermentation by K.
marxianus [30, 32]. Moreover, it has been reported that the
production of intermediate metabolites increased with high
initial lactose concentration during fermentation due to a
change in the metabolic pathways of K. marxianus from
oxidative to mixed oxidative [13].

Characteristics of native whey protein and fermented whey
protein

SDS-PAGE was carried out for native whey protein and
supernatant (centrifuged fermented broth) containing
residual whey protein (Fig. 3). Results clearly demon-
strated that the nature of whey protein changed during
fermentation. Native whey proteins (lanes 1 and 2) have
higher molecular weight (MW) range (mostly above
29 kDa), while the supernatant proteins mostly had lower
MW range (below 29 kDa). Thus, the SDS-PAGE results
confirmed that the whey protein was partially hydrolyzed
and produced lower MW range of proteins from native
whey protein during fermentation. The proteolysis of goat
whey protein has also been reported by K. marxianus and
Lactobacillus species [35, 36].

Sugar and intermediate compounds in whey and fermented
whey

HPLC analysis The results of HPLC analysis of cheese
whey and the supernatant of the fermented whey are pre-
sented in Fig. 4. The retention times were determined for
the three sugars: glucose (24.7 min), galactose (27.63 min)
and lactose (29.32 min) (chromatograms have not been
shown). This method was found to be good for the analysis
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of the three sugars at a time with clear separated peaks. The
main sugar component of cheese whey is lactose, which is
also evident in the HPLC analysis (Fig. 4). The HPLC
chromatogram of the supernatant (Fig. 4) indicates that
there is no residual lactose in the supernatant after fer-
mentation; however, many other peaks indicate the

presence of secondary metabolites generated during fer-
mentation. These intermediate compounds were responsi-
ble for the residual COD after fermentation. It was difficult
to identify all these unknown compounds in the supernatant
by HPLC (because standard compounds are required to
detect the unknown compounds). Therefore, further iden-
tification of intermediate compounds was carried out using
GC-MS.

GC-MS analysis The individual separated compounds
were identified by GC-MS on the basis of the NIST library
and the results are presented in Figs. 5 and 6 and Table 2.
The obtained GC-MS chromatogram for cheese whey and
the fermented whey supernatant samples is presented; both
were directly extracted with CH,Cl,. Cheese whey as well
as supernatant contains different groups of volatile com-
pounds such as carbonyls, alcohols, esters, acids, furan and
phenols. A comparison of the organic compounds of cheese
whey before and after fermentation reveals that some
compounds (such as 2-methyl propanol, formic acid and
isomaltol) were degraded and some new intermediate
metabolites (such as 2,3-butanediol, 2-furanmethanol,
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Fig. 4 a HPLC chromatogram of cheese whey sample indicates the presence of lactose. b HPLC chromatogram of supernatant of fermented
whey indicates the presence of intermediate compounds other than lactose

@ Springer



1024

Bioprocess Biosyst Eng (2014) 37:1017-1029

butyrolactone and glycerin) were generated during fer-
mentation. The degradation of original cheese whey com-
pounds might be responsible for COD reduction after
lactose utilization. The volatile organic compounds
(VOCs) and semi-VOCs identified during this study (fer-
mentation conducted at a lower pH and higher temperature)
in cheese whey (Table 2) are similar to those identified (in
cheese whey or whey powder) by other researchers [38,
39]. This study also confirmed that some valuable com-
pounds (like phenylethyl alcohol, an aroma compound) are
produced during fermentation. The production of aroma

compounds (like fruit ester, carboxylic acids, ketones,
furans alcohols and isoamyl acetate) by K. marxianus has
also been documented [11].

Fermentation with high-cell-density inoculum

The first batch results revealed low COD reduction (55 %)
and low biomass yield. To obtain higher COD reduction,
the second fermentation batch was conducted with higher
initial cell density inoculum (high initial biomass concen-
tration) considering the fact that high cell concentration can

Cw-
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Fig. 5 GC-MS chromatogram of cheese whey with retention time
(RT) of acetic acid hydrazide (9.82), acetic acid (13.94), formic acid
(15.40), octanol-1 internal standard (16.39), 2-furanmethanol (18.91),
2-cyclohexene-1-ol (22.10), maltol (25.33), 2-propanone 1,3-dihydroxy

(27.72), 2-hydroxy propionic acid (29.78), 4-H-pyran-4-one-2,3-
dihydro-3,5-dihydroxy-6-methyl (31.09), 2-furan carboxaldehyde
5-hydroxy methyl (35.08) and 2(3H)-furanone dihydro-4-hydroxy
(36.60), respectively, from the left
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Fig. 6 GC-MS chromatogram of supernatant with retention time
(RT) of 2-butanone 3-hydroxy (9.40), acetic acid hydrazide (9.80),
acetic acid (13.97), 2,3-butanediol (16.02), octanol-1 internal standard
(16.39), 2-furan methanol (18.92), pentanoic acid 3-methyl (19.23),
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maltol (25.33), 2-propanone-1,3-dihydroxy (27.71), 4-H-pyran-4-one
2,3-dihydro-3,5-dihydroxy-6-methyl (31.09), 2-furan carboxaldehyde
5-hydroxy methyl (35.07) and 2(3H)-furanone,dihydro-4-hydroxy
(36.59), respectively, from left
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;Zg:?ﬁi d %iif:szﬁigu;i? in Before fermentation After fermentation
supernatant of K. marxianus VvOC RT VvOC RT
fermented cheese whey (min) (min)
2-Methylpropanol 4.20 3-Methylbutanal 7.25
3-Methylbutanal 7.28 2-Butane,3-hydroxy 9.40
Acetic acid hydrazide 9.82 Acetic acid hydrazide 9.80
Propionic acid, 2-hydroxy, methyl ester ~ 11.33 Furfural 14.59
Acetic acid 13.94 Acetic acid 14.86
Furfural 14.64 2,3-Butanidiol 16.78
Ethanone, 1-(2-furanyl) 15.64 Octanol-1 (internal standard) 17.04
Formic acid 15.40 Propionic acid,2-methyl 17.29
Octonol-1 (internal standard) 16.39 2-Furanethanol 17.61
2-Furancarboxyaldehyde,5-methyl 17.37 Butyrolactone 18.61
2-Cyclopentane-1-4-dione 17.58 Butanoic acid 18.82
Isomaltol 18.53 Butanoic acid,3-methyl 19.76
Butanoic acid 18.81 Acetamide 21.72
2-Furanmethanol 18.91 1-Pentadecanamine,N, N-dimethyl 22.82
Butanoic acid,3-methyl 19.80 Hexanoic acid 23.65
2(5H)-furan 21.49 Phenylethyl alcohol 24.88
1,2-Cyclopentanedione 21.85 2(3H) Furanone,dihydroxy-4,4-dimethyl 27.24
2-Cyclohexen-1-ol 22.10 Octanoic acid 27.95
Formamide, N-(2-phenylethyl) 22.90 4H-pyran-4-one,2,3-dihydro-3,5- 31.56
dihydroxy-6-methyl
Hexanoic acid 23.63 n-Decanoic acid 31.89
Maltol 25.33 Glycerin 32.44
Octanoic acid 27.95 2-Furancarboxyaldehyde,5- 35.53
(hydroxymethyl)
2-Propanone, 1,3-dihydroxy 27.72 2H-pyron-2-one,tetrahydro-4-hydroxy-4-  36.33
methyl
Methyltartonic acid 30.32 2(3H)-Furanone,dihydroxy-4-hydroxy 37.06
4H-pyran-4-one,2,3-dihydro -3,5- 31.09 Not applicable (NA) NA
dihydro-6-methyl
9-Decanoic acid 32.94 NA NA
Butanedioic acid, monomethylester 33.07 NA NA
2-Furancarboxyaldehyd,5- 35.08 NA NA
(hydroxymethyl)
2(3H) Furanone,dihyro-4-hydroxy 36.60 NA NA
Tetradecanoic acid 38.84 NA NA
n-Hexanoic acid 42.00 NA NA

lower the diversion of K. marxianus metabolic pathway
toward mixed oxidative metabolism and thus low inter-
mediates will be formed. Further, higher degradation of
intermediate metabolites was expected at higher cell
concentration.

The variation in cell count, biomass, lactose, soluble
protein and COD concentration during the fermentation
with high-cell-density inoculum (10.3 g/ initial sus-
pended solids) is presented in Fig. 7. The cell count (CFU/
mL) increased from an initial (1.03 x 10° CFU/mL) to
maximum (1.70 x 10° CFU/mL) in the first 12 h. Initially,

the cell count increased rapidly followed by slow growth
(Fig. 7). After 12 h, increase in cell concentration was not
observed, which could be due to deficiency of growth-
limiting substrate lactose. A similar profile for biomass
(suspended solids) increase was also observed; biomass
increased from an initial 10.3 g/L to a maximum 17.1 g/L
at 12 h (Fig. 7); thereafter, the biomass started decreasing.
The overall increase in biomass (15.9 — 10.3 = 5.6 g/L)
at the end of fermentation (36 h) was 39 % higher com-
pared to the first batch (biomass increase 4.0 g/L) and the
yield of biomass was also increased by 58 % (Table 3).
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Fig. 7 a Variation in cell concentration (CFU/mL) and biomass with
respect to time during fermentation with high-cell-density inoculum.
b Variation in lactose, COD and protein concentration during
fermentation with high-cell-density inoculum

The increase in biomass concentration and biomass yield
could be attributed to two reasons: (a) utilization of more
whey lactose for oxidative metabolism and (b) availability
of easily assimilable nitrogen source as urea. However, the
yield of biomass was still lower than when the process was
performed at pH 4.4 and temperature 31 °C (Table 3) using

cheese whey as growth medium. This is due to the higher
maintenance energy required to maintain the cell life at low
pH and higher temperature. The maintenance energy
requirement further increased due to higher cell concen-
trations used in this batch [31, 40]. The specific growth rate
(), productivity (g/L h) of the biomass and yield (Y,/,) are
presented in Table 3.

Lactose consumption was rapid during the first 18 h
(Fig. 7) and approximately more than 98 % of lactose was
consumed during this period with residual lactose con-
centration less than 0.7 g/L. The soluble protein concen-
tration decreased during the first 6 h followed by a slight
increase at 12 h, which might be due to excretion of some
extracellular protein or enzymes, and remained almost
constant during the rest of the fermentation process with
residual protein concentration of 4.5 g/L. This again indi-
cates that the protein could not be utilized after a certain
extent. Though urea was supplemented in this batch,
however, the addition of urea did not show any effect on
protein consumption trend (i.e., first decreased, followed by
a slight increase and then stayed constant as observed in the
first batch).

The COD reduction of 80 % was obtained at the end of
36 h of fermentation. COD and lactose decreased (con-
sumed) rapidly during the first 18 h of fermentation and
was attributed to the high cell density. After lactose con-
sumption (i.e., after 18 h), COD reduction continued up to
36 h of fermentation and was due to consumption of
intermediate metabolites produced, similar to the first batch

Table 3 Comparison of process profiles during different modes of fermentation

Fermentation Substrate Initial COD  pH Temp. w1/ Yy Productivity COD removal Reference
(g/L) O h) (g/g) (gL h efficiency (%)

Batch-1, normal inoculum CW 48.9 35 40 0.200 0.12 0.16 55.0 (including This
protein) study

Batch-2, high-cell-density CW 493 35 40 0.027 0.19 0.25 80.0 (including This

inoculum protein) study
Batch-3, medium-cell- CwW 499 3.5 40 0.017 0.16 0.21 71.0 (including This
density inoculum protein) study

Continuous with cell recycle CW 49.9 35 40 0.026 0.19 0.26 78.5 (including This
protein) study

Batch CwW 59.6 44 31 0.150 0.44 NA 90.6 (excluding [7]
protein)

Continuous CwW NA 45 33 0.105 0.26 0.40 NA [31]

Continuous CW NA 45 35 0.041 NA 0.21 NA [42]

Batch DWC 150.0 5.8 30 NA 052 NA 90.0 (excluding [20]
protein)

Batch DSWC 193.0 48 30 NA 048 NA 83.0 (excluding [20]
protein)

Batch WP NA 50 34 0.230 0.26 0.45 88.5 (excluding [43]
protein)

CW cheese whey, WP whey permeate, DWC de-proteinized sweet whey concentrate, DSWC de-proteinized sour whey concentrate, NA not

available
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of fermentation (Table 2). The residual COD at the end of
fermentation was 9.6 g/L. The residual COD was due to
residual soluble protein (5.4 g/L) and lactose (0.8 g/L).
The rest, 3.3 g/l COD, could be due to the intermediate
compounds, which K. marxianus produced (as character-
ized in first batch fermentation). The value of COD due to
intermediate metabolites is much lower compared to the
COD observed in the first batch (15.8 g/L). The COD
reduction of 80 % at the end of fermentation was 25 %
higher than the first batch fermentation (which was oper-
ated with 2.0 g/L initial biomass concentration as inocu-
lum). The results revealed that the degradation of organic
compounds (original whey and those produced during
fermentation by K. marxianus) was higher with high-cell-
density inoculum (initial suspended solids 10.3 g/L), which
resulted in low residual COD. The consumption of inter-
mediate metabolites as carbon source by Kluyveromyces
species has been reported as diauxic metabolic nature [41].
The second reason for low residual COD might be the low
intermediates production due to lower lactose to cell
(biomass) ratio that resulted in increased oxidative
metabolism [13]. The finding of this batch study, i.e.,
higher COD reduction could be applied to bioconversion of
whey into SCP for the continuous process employing a
similar cell concentration.

Batch fermentation with medium-cell-density inoculum
and shift to continuous fermentation

The second batch fermentation results revealed that the
fermentation with higher cell density increased the COD
degradation efficiency. However, it may be difficult to
maintain (15.0-17.0 g/L) a high cell concentration during
the fermentation process. Therefore, the third batch fer-
mentation was started with a comparatively lower cell
concentration compared to the second batch. The variations
in different parameters during the batch fermentation with
medium-cell-density inoculum (7.3 g/L initial suspended
solids), such as cell count, biomass, lactose, soluble protein
and COD, are presented in Fig. 8. The cell count (CFU/
mL) of K marxianus increased from initial
(6.20 x 10 CFU/mL) to maximum (1.44 x 10° CFU/
mL) at 22 h. Similar to the second batch fermentation, the
increase in cell count (CFU/mL) was rapid. A similar
profile for biomass increase was also noticed, which
increased from 7.3 to 12.4 g/L at 22 h (Fig. 8). Lactose
concentration decreased from 32.4 to 0.7 g/L and COD
removal of 71 % was obtained at 22 h. The soluble protein
content decreased from 5.7 to 4.3 g/L. and there was no
further change or little change in the protein concentration.

After 22 h, batch fermentation was changed to contin-
uous mode with 24 h HRT. The cell recycle system was
used to keep high biomass concentration (12.0-13.0 g/L,
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Fig. 8 a Variation in cell concentration (CFU/mL) and biomass with
respect to time during batch and continuous fermentation. b Variation
in lactose, COD and protein concentration during batch and
continuous fermentation

almost close to the cell concentration in the 2nd batch), so
that COD degradation remained high. The steady state
during the continuous process was obtained after 60 h of
operation. The variations in lactose, COD and soluble
protein concentration during batch and continuous fer-
mentation are shown in Fig. 8. The lactose concentration
increased from 0.7 to 4.3 g/L when the batch process was
shifted to continuous mode and then slowly decreased to
0.8 g/L. The lactose consumption at steady state was
97.5 %, whereas the effluent COD concentration varied
between 10.0 and 12.0 g/LL (Fig. 8). The soluble protein
concentration in the effluent at steady state ranged between
3.8 and 4.2 g/L. The values of specific growth rate (h™"),
biomass yields (Y,/), biomass productivity (g/L h) and %
of COD reduction during the continuous process are shown
in Table 3.

The results of continuous fermentation with cell recycle
system showed that higher COD reduction (up to 78-79 %)
could be achieved during fermentation conducted at low
pH (3.5) and high temperature (40 °C). The productivity of
biomass 0.26 g/LL h was comparable to the batch process
(2nd run). However, batch process productivity does not
include the downtime required for inoculum preparation,
harvesting, cleaning and recharging of the bioreactor. This
will lower the batch productivity of a real-world process.
The other advantage of low pH and high temperature
operating conditions will provide an opportunity to run the
continuous process with cell recycle system for a long time
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without contamination, which is one of the main obstacles
of a continuous process for large-scale operations [21].

Studies by others researchers [7, 20, 31, 42, 43] for SCP
production and COD removal during batch and continuous
process have been presented in Table 3, which showed
little higher yields and COD removal efficiency (in batch
processes). These studies were conducted at favorable
fermentation conditions (pH 4.5-6.0 and temperature
30-35 °C) where chances of contamination were higher.
Thus, to run the process without contamination while using
cheese whey without sterilization, a little loss of yield
could be sacrificed. Moreover, most of the existing studies
were conducted using whey permeate (Table 3) and
reported higher COD removal. This was due to the absence
of the residual protein in the whey permeate. In the present
case, COD removal up to 95 % could be achieved if the
residual soluble protein was recovered from the superna-
tant. The recovered protein could be mixed with the bio-
mass to increase the overall SCP production.

This study provides an alternative continuous process
for the biotransformation of raw cheese whey into SCP
without removing the whey protein before fermentation,
which will reduce the whey management problem. Also,
the residual soluble protein (3.9 g/L) could be recovered
from the fermented whey supernatant and mixed with the
biomass (SCP). This could increase the protein content in
the final product and further reduce the effluent COD
(4.8 g/L). However, this requires further study to optimize
the protein recovery process.

Conclusions

The biomass concentration was increased from 2.0 to
6.0 g/L after 24 h in the case of batch fermentation with
low-cell-density inoculum. The COD reduction after 36 h
of fermentation was 55 % with a residual soluble protein
concentration of 4.1 g/L.. The SDS-PAGE results revealed
that the residual protein was different (low molecular
weight) from native whey protein. The HPLC and GC-MS
analysis indicated that there was no residual lactose in the
supernatant, but other intermediate compounds present
were responsible for residual COD along with residual
protein. The fermentation with high-cell-density inoculum
resulted in higher COD removal (up to 80 %) with a bio-
mass productivity of 0.25 g/L h. The protein consumption
trend was similar during all batch fermentations with
residual concentration between 4.1 and 4.5 g/L. The find-
ing of higher COD removal from the batch process was
applied in continuous process using cell recycle system.
The continuous fermentation with cell recycle system gave
a COD reduction of up to 78.5 % with biomass produc-
tivity of 0.26 g/L h. Thus, this study established that the

@ Springer

continuous fermentation with cell recycle system could be
applied to produce SCP with simultaneous high COD
removal. Further studies are required on recovering resid-
ual soluble protein and thus decreasing residual COD
concentration.
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