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KEYWORDS Abstract This research was performed based on a comparative study on fungal lipid production by
Lipid production; a locally isolated strain Cunninghamella bainieri 2A1 in batch culture and repeated-batch culture
Cunninghamella bainieri 2A1; using a nitrogen-limited medium. Lipid production in the batch culture was conducted to study
Agitation; the effect of different agitation rates on the simultaneous consumption of ammonium tartrate
Batch culture; and glucose sources. Lipid production in the repeated-batch culture was studied by considering
Repeated-batch culture; the effect of harvesting time and harvesting volume of the culture broth on the lipid accumulation.
Gamma-linolenic acid; The batch cultivation was carried out in a 500 ml Erlenmeyer flask containing 200 ml of the fresh

Harvesting time;

! nitrogen-limited medium. Microbial culture was incubated at 30 °C under different agitation rates
Harvesting volume

of 120, 180 and 250 rpm for 120 h. The repeated-batch culture was performed at three harvesting
times of 12, 24 and 48 h using four harvesting cultures of 60%, 70%, 80% and 90%.
Experimental results revealed that nitrogen source (ammonium tartrate) was fully utilized by C. bai-
nieri 2A1 within 24 h in all agitation rates tested. It was also observed that a high amount of glucose
in culture medium was consumed by C. bainieri 2A1 at 250 rpm agitation speed during the batch
fermentation. Similar results showed that the highest lipid concentration of 2.96 g/L. was obtained
at an agitation rate of 250 rpm at 120 h cultivation time with the maximum lipid productivity of
7.0x 107> mg/ml/h. On the other hand, experimental results showed that the highest lipid
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concentration produced in the repeated-batch culture was 3.30 g/L at the first cycle of 48 h harvest-
ing time using 70% harvesting volume, while 0.23 g/L gamma-linolenic acid (GLA) was produced
at the last cycle of 48 h harvesting time using 80% harvesting volume.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, the production of polyunsaturated fatty acids
(PUFAs) such as GLA, arachidonic acids and eicosapen-
taenoic acids by oleaginous microorganisms has received great
interest from researchers. Among these fatty acids, GLA has
extensively been used in biomedical products, nutritionals
and health supplements (Zikou et al., 2013). Many research
studies have been carried out over the last decades to develop
lipid production. These attempts have aimed at improving the
economic production of microbial lipids rather than plant and
animal derived oils. In this view, microbial oils are superior to
plant oils and animal fats due to less time required for their cir-
culation in environment, higher possibility for large scale pro-
duction and higher sustainability under climate changes (Li
et al., 2008).

Previous studies have revealed that a high amount of lipid
could be accumulated by the fungal species of
Cunninghamella depending on the fermentation methods and
culture conditions (Fakas et al., 2007, 2009; Somashekar
et al., 2003). Similar studies have shown that a high lipid accu-
mulation is attained by Cunninghamella bainieri 2A1 in the
submerged batch culture (Taha et al., 2010). It is well known
that C. bainieri 2A1 is capable of producing up to 30% lipid
(g/g biomass) which contains 10-15% GLA. In this regard,
nutritional intake of GLA and other PUFAs have been used
in clinical treatment of human diseases such as blood choles-
terol, acute and chronic inflammations, and atopic eczema,
hypertension, Crohn’s disease, rheumatoid arthritis and asth-
ma (Shuib et al., 2014; Vadivelan and Venkateswaran, 2014).

The production of lipid by oleaginous fungi is highly depen-
dent on medium composition. It has been observed that lipid
production by C. bainieri 2A1 is related to the stress conditions
created by the deficiency of nitrogen in the medium. On the
other hand, it has been found that lipid synthesis by this strain
is affected by carbon and nitrogen concentration in the culture
medium (Taha et al., 2010). However, little is known about the
effect of agitation rate on simultaneous consumption of nitro-
gen and glucose of the culture medium in relation to lipid pro-
duction by C. bainieri 2A1. Agitation rate is an important
factor which affects microbial growth, especially in shear sen-
sitive microorganisms. Higher agitation rates result in better
oxygen supply, which in turn favors cell growth. Hence, opti-
mization of agitation rates is essential to provide high oxygen
supply conditions for the mycelia and to increase their
metabolic activities throughout the fermentation process
(Abd-Aziz et al., 2008; Sun et al., 2012).

Fungal lipid fermentation could be performed as repeated-
batch culture. The repeated-batch culture is a fermentation
mode which offers many advantages over the microbial batch
culture including the better depletion of medium in the biore-
actor at the end of cultivation, the reuse of microbial cells for
subsequent fermentation runs, higher cell concentration in the

culture and less time required for process operation.
Moreover, the repeated-batch culture is expected to increase
cell productivity ensuring a high cell growth rate (Huang
et al., 2008; Radmann et al., 2007). It has been noted that
the repeated-batch culture is affected by operating factors. In
this view, it has been observed that the repeated-batch culture
is influenced by harvesting times and harvesting volumes of the
culture broth (Jin et al., 2011; Masuda et al., 2011).

A number of studies have already been performed to study
lipid accumulation by various fungal strains in the batch fer-
mentation (Bellou et al., 2014; Fakas et al., 2009; Gao et al.,
2013; Papanikolaou et al., 2004; Zikou et al., 2013).
However, much less work has been performed to study fungal
lipid synthesis in the repeated-batch cultivation. Current
research was performed to investigate lipid production by C.
bainieri 2A1 in the batch culture and the repeated-batch cul-
ture as a comparative study using a nitrogen-limited medium.

Furthermore, a detailed study on the use of different agita-
tion rates was carried out to investigate the effects of agitation
intensities on the depletion of glucose and ammonium tartrate
as carbon source and nitrogen source, respectively in the cul-
ture medium for the enhancement of lipid production. On
the other hand, the effect of two pivotal factors, namely har-
vesting time and harvesting volume of the culture medium
on lipid production by C. bainieri 2A1 in the repeated-batch
culture was studied.

2. Materials and methods

2.1. Microorganism and culture medium

C. bainieri 2A1 was obtained from School of Biosciences and
Biotechnology, Faculty of Science and Technology, Universiti
Kebangsaan Malaysia. Stock culture was maintained on potato
dextrose agar (PDA) at 4 °C. Inoculum was prepared from the
spore suspension containing 10° spores/ml harvested from 7-
day-old PDA plates. The nitrogen-limited medium employed
by Kendrick and Ratledge (1992) was modified and then uti-
lized in this study with the compositions as follows (in g/L):
glucose, 30; ammonium tartrate (C4H2N,Og), 1.0; KH,POy,
7.0; Na,HPO,, 2.0; MgSO47H,0, 1.5; CaCl,2H,0, 0.1;
FeCl3-:6H,O, 0.008; ZnSO,7H,0, 0.0001; CuSO45H;0,
0.001; Co(NO3),'6H,0, 0.0001 and MnSO45H,0, 0.0001.
The initial pH of the culture medium was adjusted to 6.0 using
1.0 M HCI or 1.0 M NaOH. Seed culture was prepared by
transferring 20 ml spore suspension into 180 ml of the growth
medium. Seed culture was then incubated at 30 °C and
250 rpm agitation rate for 48 h.

2.2. Batch and repeated-batch cultivation

The batch cultivation was carried out by an addition of 10%
(v/v) of seed culture (20 ml) into 180 ml fresh medium in four
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Erlenmeyer flasks (500 ml) to make a final 200 ml culture
medium in each flask. Inoculated butch cultures were incubat-
ed at 30 °C on a rotary shaker at 120, 180 and 250 rpm agita-
tion rates for 120 h. The repeated-batch fermentation was run
in such a way that the four cycles of the batch culture were
continually repeated with same conditions. Three time inter-
vals of fermentation were studied in the repeated-batch culture
including 12 h time interval (12h, 24 h, 36 h and 48 h), 24 h
time interval (24 h, 48 h, 72 h and 96 h) and 48 h time interval
(48 h, 96 h, 144 h and 192 h). The first cycle of the repeated-
batch culture was carried out at 30 °C and 250 rpm agitation
rate by transferring 10% (v/v) of seed culture (20 ml) into
180 ml fresh medium in four Erlenmeyer flasks (500 ml) to
make a final 200 ml culture medium in each flask. The second
cycle to fourth cycle of the repeated-batch culture at each time
interval was conducted as described by Dashti et al. (2015). At
the end of each cycle determined volumes of culture medium
(60%, 70%, 80% and 90% v/v) were harvested which were
defined as harvesting volume (ml). The time intervals used
for all cycles of the repeated-batch culture were defined as
harvesting time (h).

2.3. Analytical methods

The fungal mycelia were harvested by the filtration of 100 ml
culture suspension using filter paper (Whatman No. 1). A vol-
ume of 5 ml culture medium was obtained after filtration and
used for the following glucose and ammonium tartrate
analysis. Glucose was determined by using GOD-glucose
oxidase kit (Boehringer GOD-PERID test kit). Ammonium
tartrate was determined by the indophenols method (Chaney
and Marbach, 1962). The filtered mycelia were washed with
200 ml of distilled water, stored at —20 °C for 24 h and then
put under freeze-dried conditions (Shell Freeze Dry,
LABCONCO LYPH.LOCK®6) for 24h to obtain the dry
weight. The dry weight of microbial cells was determined using
a balance (AND GR-200). The dry weight of cells was used to

percentage (lipid content). Dried mycelia were then ground
using a pestle and mortar, followed by lipid extraction. Lipid
was extracted using a mixture of chloroform and methanol
in a ratio of 2:1 (v/v) overnight before filtering. The filtrate
was washed with 150 ml NaCl (1% w/v), followed by an
addition of 150 ml distilled water (Folch et al., 1957). The
chloroform layer was obtained and evaporated using a rotary
evaporator (BUCHI Rotavapor R-124). Lipid residue was
dissolved in a minimal amount of diethyl ether and transferred
to a vial.

3. Results and discussion

3.1. Production of biomass and lipid in the batch culture

The variations in nitrogen content (ammonium tartrate) of the
culture medium at different agitation rates in the batch culture
are given in Fig. 1. As can be seen, ammonium tartrate was
depleted within 24 h in all agitation rates tested. The results
obtained showed that C. bainieri 2A1 could grow in a limited
ammonium tartrate concentration (1.0 g/L) with no consider-
able effect of various agitation rates on nitrogen consumption,
indicating the fact that this strain had strong capability of
assimilating organic nitrogen compounds.

In order to find out the consumption of glucose by
C. bainieri 2A1 in biomass and lipid production process, the
variations of glucose consumption in culture medium were
investigated with an initial concentration of 30 g/L (Fig. 1).
The study of glucose concentration measured in all agitation
rates at 24 h cultivation revealed that a high amount of glucose
was consumed at agitation rate of 250 rpm and reached a value
of 11.9 g/L, compared to glucose consumed at agitation rates
of 120 and 180 rpm during 24 h cultivation with the residual
glucose concentration of 27 g/l and 19 g/L, respectively. As
can be seen, the half of glucose (15.0 g/L) was consumed by
C. bainieri 2A1 at the end of 120 h cultivation when agitation
rate was set at 120 rpm, compared to glucose consumed at
agitation rates of 180 and 250 rpm with higher glucose

180 rpm 250 rpm
Ammonium §
Glucose m
Biomas F
Linid ]

z B 1
‘I |

b1

9% 120 0 24 48 72 9% 120

Cultivation time (h)

determine the biomass, lipid concentration and lipid
35
120 rpm
30 -
3 25
=~
)
N’
= 20
S
£
]
E 15
=
-]
=]
= 10
=]
Q
5 | T
- T T
0+ ‘-‘ m N "
0 24 48 72 9% 120 0 4 48 N
Figure 1

The variations in glucose, nitrogen source (Ammonium), biomass and lipid concentration of nitrogen-limited medium in the

batch culture of C. bainieri 2A1 at agitation rates of 120 rpm, 180 rpm and 250 rpm for 120 h fermentation.
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consumption. The glucose concentration detected at the end of
batch culture revealed that with increasing the agitation speed
up to 180 rpm glucose consumption concomitantly increased
in a shorter time. However, no notable differences in glucose
consumed by C. bainieri 2A1 were found at agitation rates of
180 and 250 rpm at the end of cultivation time (Fig. 1). This
finding indicated that excessive agitation speed positively could
influence glucose consumption, which in turn may affect the
biomass and lipid production (Fig. 1). The findings obtained
also indicated that glucose concentration of 30 g/L could well
support the growth and product formation for C. bainieri 2A1.

Fig. 1 also depicts the levels of biomass concentration and
lipid concentration in the batch culture of C. bainieri 2A1 at
agitation rates studied. The results obtained revealed that bio-
mass and lipid concentration drastically increased in the first
24 h fermentation. This suggested that the consumption of glu-
cose by C. bainieri 2A1 resulted in the intense synthesis of lipid
while nitrogen source was depleting during 24 h cultivation.
Subsequently, the level of biomass and lipid accumulation
increased to maximum levels. As can be seen, increasing agita-
tion rate from 120 to 250 rpm concurrently had a positive
effect on biomass and lipid concentration. It was noted that
the highest biomass concentration (8.1 g/L) and lipid concen-
tration (2.96 g/L) were obtained with an agitation rate of
250 rpm at 96 h and 120 h fermentation time, respectively
(Fig. 1). These facts suggested the favorable effect of elevated
agitation speeds on the process of biomass and lipid produc-
tion by C. bainieri 2A1. The requirement to nitrogen source
for lipid production is diversified depending on the microor-
ganisms. It has been found that nitrogen limitation in culture
medium is known as a stimulating factor for microbial lipid
biosynthesis in oleaginous microorganisms. Lipid accumula-
tion in oleaginous microorganisms is carried out by microbial
cell nitrogen depletion, while glucose continues to be assimilat-
ed. During the lipid synthesis phase, the proportion of natural
lipid fraction is high; however, it decreases when a decrease in
biomass production occurs (Makri et al., 2010; Taha et al.,
2010). Accordingly, at the present study nitrogen was used as
a limited factor in the culture medium of C. bainieri 2Al.
Supporting this view, it has been noted that Cunninghamella
sp. has a high ability for lipid production in a nitrogen-limited
medium (Gema et al., 2002; Ratledge, 1997; Taha et al., 2010).

During the growth of C. bainieri 2A1, glucose (30 g/L) was
intensively utilized when the highest agitation rate (250 rpm)
was applied compared to that when other agitation rates tested
were applied. This finding was possibly due to a better mixing
of culture medium, higher oxygen availability and better nutri-
ent transfer phenomenon for microbial cells at 250 rpm, which
resulted in an increase in metabolic activity of C. bainieri 2A1
for lipid synthesis (Abd-Aziz et al., 2008; Fuentes-Griinewald
et al., 2012).

The variations in lipid percentage (lipid concentration/bio-
mass concentration X 100) under the agitation rates studied are
depicted in Fig. 2. As is evident, the cultivation of C. bainieri
2A1 at the agitation rate of 250 rpm showed that the highest
lipid percentage (32%) was obtained at 96 h cultivation time.
This finding indicated that increased agitation rate favored
the microbial growth and lipid synthesis by C. bainieri 2A1,
however; longer cultivation time higher than 96 h brought
about a decrease in lipid percentage at 120 h because of lipid
degradation. This was possibly due to turnover phenomenon
of lipid produced by C. bainieri 2A1 after the lipogenic phase
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Figure 2 The lipid percentage measured for the batch cultivation
of C. bainieri 2A1 in nitrogen-limited medium at agitation rates of
120 rpm, 180 rpm and 250 rpm for 120 h fermentation.

in which a part of lipid was utilized to produce biomass,
accompanying by glucose exhaustion in the growth medium.
Thus, lipid formed in biomass started to wane from 96 h to
120 h fermentation (Fakas et al., 2007).

With consideration of Fig. 2, it is evident that the high lipid
percentage was obtained for the agitation rate of 250 rpm at
48 h fermentation time compared to that obtained from agita-
tion rates of 120 and 180 rpm, implying the fact that high lipid
content (lipid percentage) could attain in the shorter time at an
agitation intensity of 250 rpm. In studies fulfilled by Tao and
Zhang (2007) it was revealed that maximum lipid content
obtained was 25% by Cunninghamella echinulata at an agita-
tion rate of 150rpm and 96h batch cultivation, while
Papanikolaou et al. (2004) reported that the highest lipid accu-
mulated by C. echinulata was measured at 170 rpm agitation
rate after 310400 h batch fermentation.

The highest biomass and lipid productivity obtained for all
agitation rates were achieved after 24 h cultivation time
(Table 1). From the economical point of view, it indicated that
in spite of higher lipid and biomass concentration at 96 h, the
production of lipid is more cost-effective at 24 h. The produc-
tivity of biomass and lipid exhibited a similar trend at 24 h
when increasing agitation rates from 120 to 250 rpm were
applied. As shown in Table 1, there were no considerable
changes in lipid and biomass productivity at 120 and
180 rpm agitation rate with biomass productivity ranging from
129%x 1072 to 13.75x 107> mg/ml/h and lipid productivity
ranging from 2.29x 1072 to 2.5x 10> mg/ml/h. However,
elevated agitation rates up to 250 rpm led to a considerable rise
in biomass and lipid productivity with values as high as
31.0 x 1072 mg/ml/h and 7.0 x 1072 mg/ml/h, respectively, cor-
roborating the positive effect of increased agitation rates on
microbial growth and metabolic activities for biomass and
lipid production.

Table 2 shows the approximate values for the yield of pro-
duct (lipid) to substrate (Ys), yield of product to biomass (Y},
«) and yield of biomass to substrate (Yy;) which were obtained
at 24 h of the batch culture. As can be observed, Y}, obtained
at agitation rates of 120rpm (5.0x107?) and 180 rpm
(5.45%x 107%) were lower than Y, value measured at
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Table 1
nitrogen-limited medium.

The productivity of biomass, lipid and GLA within different agitation rates at 24 h batch cultivation of C. bainieri 2A1 in

Agitation rate (rpm) Biomass productivity (mg/ml/h)

Lipid productivity (mg/ml/h) GLA productivity (mg/ml/h)

120 1291 x 1072
180 13.75%x 1072
250 31.0x 1072

2.29 % 1072 0.17 x 1072
2.5% 1072 0.19x 1072
7.0x 1072 0.54%x 1072

Table 2 The approximate values of Y", Yp/,(h and Yy~ at
different agitation rates at 24 h cultivation of C. bainieri 2A1 in
nitrogen-limited medium.

Agitation rate (rpm) Yo Yox Y

120 50x1072  16.0x1072  31.0x 102
180 545x 1072 18.0x1072  30.0x102
250 94%x1072  22.0x1072  41.0x1072

? Y5t The yield of product to substrate.
® ¥, The yield of product to biomass.
¢ Yy/s: The yield of biomass to substrate.

250 rpm agitation rate which drastically increased up to the
value of 9.4 x 1072, indicating a limitation in microbial nutri-
ent absorption and gas exchange at low agitation speeds.

As can be seen from the results in Table 2, the highest
Y, ;x and Yy were measured at 250 rpm agitation rate with
values as high as 22.0x 1072 and 41.0 x 1072, respectively
supporting the fact that the maximum lipid produced in rela-
tion to glucose consumed was obtained at agitation speed of
250 rpm. These findings were possibly related to the fact that
agitation rate could affect microbial growth in the aerobic
process which was responsible for maintaining the required
level of dissolved oxygen. Hence, higher oxygen supply to
microbial cell brought about higher productivity. However,
further study showed that increasing agitation rates higher
than 250 rpm brought about a decrease in biomass produc-
tivity and Yy (data not shown) which corroborated the
cost-effectiveness of 250 rpm agitation rate in light of eco-
nomical production.

3.2. Production of biomass and lipid in the repeated-batch
cultivation

Fig. 3 illustrates the changes in biomass concentration during
the repeated-batch culture of C. bainieri 2A1 at 12 h, 24 h and
48 h harvesting times using 60-90% harvesting volumes. This
figure reveals that for all samples, the highest level of the bio-
mass concentration was obtained at the first cycle of the
repeated-batch culture during three harvesting times tested
and fungal cell concentration decreased afterward, indicating
the fact that increased batch cycle had an adverse effect on
microbial cell growth and biomass concentration.

From Fig. 3 it can be found that the maximum cell concen-
trations obtained at 12 h, 24 h and 48 h harvesting times were
4.3 g/L,7.37 g/L and 11.12 g/L, respectively which were detect-
ed at the first cycle of the repeated-batch culture using 90% har-
vesting volume. However, the last cycle of the repeated-batch
using 90% harvesting volume revealed the minimum biomass
concentration with the values of 2.2 g/L, 2.9 g/L and 8.1 g/L
at harvesting times of 12 h, 24 h and 48 h, respectively. It is

obvious that by the comparison of three harvesting times test-
ed, 48 h harvesting time showed the highest amounts of bio-
mass concentration at the first cycle of the repeated-batch
using 60%, 70%, 80% and 90% harvesting volume with values
as high as 10.35g/L, 11.0g/L, 11.02¢g/L and 11.12 g/L,
respectively.

Furthermore, it was observed that the total biomass con-
centration of four cycles in 90% harvesting volume (12.14 g/
L), 80% harvesting volume (12.81 g/L), 70% harvesting vol-
ume (14.02 g/L) and 60% harvesting volume (12.32 g/L) at
12 h harvesting time had high differences with respective val-
ues found at 24 h harvesting time with total biomass produc-
tion of 17.42 g/L, 17.25 g/L, 18.95 g/L and 18.37 g/L as well
as 48 h harvesting time with total biomass values of 36.69 g/
L, 38.99 g/L, 39.31 g/L and 38.27 g/L for 90%, 80%, 70%
and 60% harvesting volume, respectively. These findings
implied the considerable effect of harvesting times and harvest-
ing volumes studied on the biomass produced. Furthermore,
the results obtained in the repeated-batch culture showed an
increase in biomass production (11.12 g/L) compared to the
biomass produced in the batch culture (8.1 g/L). Similarly,
the study fulfilled by Her et al. (2004) showed that the repeat-
ed-batch culture revealed high product formation compared to
the batch culture.

Fig. 4 depicts the lipid concentration of samples during the
four cycles of the repeated-batch culture. By the comparison of
lipid produced at all harvesting times tested, maximum lipid
concentrations were obtained at the first cycle of the repeat-
ed-batch culture so that the production of lipid decreased
gradually from the first cycle to the last cycle during each har-
vesting time, implying the fact that the increased repetition of
batch cycles had no favorable effect on C. bainieri metabolism
for lipid production. Obviously, the highest lipid produced at
12h and 24 h harvesting times were 0.9 g/l and 2.0 g/L,
respectively when 90% harvesting volume was utilized, while
the maximum lipid concentration observed at 48 h harvesting
time was 3.30 g/L when 70% harvesting volume was used,
implying the key role of harvesting time and harvesting volume
in lipid production by C. bainieri 2A1 under the repeated-
batch culture.

Fig. 4 also shows that minimum lipid concentration at 12 h
and 24 h harvesting time was measured with the values of
0.1 g/L and 0.4 g/L, respectively at the fourth cycle of the
repeated-batch culture when 90% harvesting volume was used,
while the second and third cycle of the repeated-batch culture
at 48 h harvesting time exhibited the lowest lipid concentration
with the similar value of 1.8 g/L using 60% harvesting volume.
Evidently, a rise in harvesting time from 12 h to 48 h caused a
progressive increase in lipid production, indicating the positive
effect of increased harvesting time on metabolic activity of C.
bainieri 2A1 in lipid production process. The findings of this
study showed that the production of lipid was enhanced in
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Figure 3  The biomass concentration measured in the repeated-batch cultivation of C. bainieri 2A1 at 12 h, 24 h and 48 h harvesting time
with 4 cycles of batch repetition using 60%, 70%, 80% and 90% harvesting volume.
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Figure 4 The lipid concentration measured in the repeated-batch cultivation of C. bainieri 2A1 at 12 h, 24 h and 48 h harvesting time
with 4 cycles of batch repetition using 60%, 70%, 80% and 90% harvesting volume.

the repeated-batch culture (3.30 g/L) compared to that in the
batch culture (2.96 g/L).

As mentioned previously, the production of biomass and
lipid decreased after the first cycle at three time intervals of
12h, 24h and 48 h (Figs. 3 and 4). These findings were in
agreement with the results obtained by Xiao et al. (2011)
who showed that a large amount of astaxanthin was produced
by Phaffia rhodozyma at the first cycle of the repeated-batch
culture and then decreased subsequently in seven cycles. The
decrease in biomass concentration and lipid production after
the first cycle could be attributed to the formation of pellet
after the first cycle, as many fungi mycelia in liquid culture
can either disperse or form pellets during microbial growth
(Makri et al., 2010; Pazouki and Panda, 2000).

Figs. 3 and 4 reveal that different harvesting times tested
showed the varied effects on biomass and lipid production.
Harvesting time could affect cellular growth, product forma-
tion, or cellular metabolism, depending on the host system
and the range of harvesting time applied. On the other hand,
biomass concentration is relatively dependent on cycle time
so that microbial productivity could change as a function of
cycle time (Bhargava et al., 2005). In this regard, André
et al. (2010) noted that harvesting time had important effects
on distribution of cellular fatty acids in the various lipids pro-
duced. They observed a decrease in biomass concentration
(approximately 10-20%) at the end of fermentation runs with
three different harvesting times due to the formation of pellets
in the repeated-batch culture.
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Figure 5 The lipid percentage measured in the repeated-batch cultivation of C. bainieri 2A1 at 12 h, 24 h and 48 h harvesting time with 4
cycles of batch repetition using 60%, 70%, 80% and 90% harvesting volume.

Fig. 5 shows variations in lipid percentage (accumulated
lipid in dried biomass) during three harvesting times of the
repeated-batch culture. Obviously, the highest lipid percentage
was obtained with the value as high as 30% at the first cycle of
the repeated-batch culture using 70% harvesting volumes
when 48 h harvesting time was applied. On the other hand,
the lowest lipid percentage (5%) was measured at the last cycle
of the repeated-batch culture using 12 h harvesting time and
90% harvesting volume. As can be seen from Fig. 5, the first
cycle of each harvesting time showed the maximum lipid per-
centage so that an increase in the number of repeating cycles
reduced lipid content, showing the deleterious effect of
increased repetition of batch cycles on lipid percentage.
Similar to lipid production, increasing harvesting time from
12 h to 48 h brought about a rise in lipid percentage (Fig. 5).
This figure reveals that the highest lipid percentages of
22.2% at 12 h harvesting time and 27.1% at 24 h harvesting
time were produced at the first cycle of the repeated-batch cul-
ture using 90% harvesting volume. These findings corroborat-
ed the pivotal effects of harvesting time and harvesting volume
on lipid percentage. Kim et al. (2006) demonstrated that high
harvesting volumes were necessary for maximum production
when 12 h harvesting time was applied. Variations observed
in harvesting volume and harvesting time tested in the repeat-
ed-batch culture could be due to the fact that harvesting vol-
ume and harvesting time are related to the characteristics of
the selected microorganism and respective microbial cell
growth. Hence, varying conditions may provide different
effects of harvesting volumes and harvesting times on microor-
ganisms (Radmann et al., 2007).

3.3. Production of GLA

In terms of the effects of different agitation rates on GLA con-
centration in the batch culture, it was observed that no consid-
erable differences in GLA concentration were measured at 120
and 180 rpm agitation rates after 24 h batch culture with

values of 0.042 g/L and 0.046 g/L, respectively. However, high-
er agitation speed of 250 rpm enhanced GLA production up to
0.13 g/L after 24 h batch fermentation with a productivity val-
ue of 0.54 x 1072 (Table 1).

Fig. 6, illustrates the GLA production during three harvest-
ing times in the repeated-batch culture. Experimental results
showed a notable difference between GLA produced at three
harvesting times tested. As can be seen from Fig. 6, the highest
concentration of GLA was measured as high as 0.10 g/L and
0.23 g/L at the fourth cycle of 24 h and 48 h harvesting time,
respectively using 80% harvesting volume. However, GLA
concentration was maintained with the values less than
0.03 g/L at 12 h harvesting time in all harvesting volumes
tested (Fig. 6). Obviously, GLA produced at 24 h and 48 h
harvesting time increased gradually from the first cycle to the
last cycle in 60%, 70%, 80% and 90% harvesting volumes
studied, contrary to that in biomass and lipid production.
Moreover, GLA production increased from 12 h to 48 h har-
vesting time, suggesting the favorable effects of increased har-
vesting time on GLA production. This finding could be
attributed to the fact that reduced biomass and lipid concen-
tration at elevated harvesting time and the repetition of batch
cycle resulted in the morphological changes in fungal mycelia
and the formation of pellet by C. bainieri 2A1, which resulted
in a shift in metabolic activity of the fungal cells to increase
GLA production (Dashti et al., 2015).

Fatty acid composition of lipid produced in the repeated
batch culture was determined by measuring fatty acid content
of fungal lipid at 48 h harvesting time using 60-90%
harvesting volume (Table 3). It is obvious that the main fatty
acid produced was oleic acid (*°C18:1), followed by palmitic
acid (C16:0). Linoleic acid is a PUFA known as an omega-6
fatty acid which has a double bond six carbones away from
the omega carbon, while gamma-linolenic acid (GLA) is an
omega-3 fatty acid which includes a double bond three carbons
away from the omega carbon (Stoll, 2002). It is has been found
that the metabolic pathways for the synthesis of omega-6 and
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Figure 6 The GLA concentration measured in the repeated-batch cultivation of C. bainieri 2A1 at 12 h, 24 h and 48 h harvesting time
with 4 cycles of batch repetition using 60%, 70%, 80% and 90% harvesting volume.

Table 3 Fatty acid compositions of lipid produced by Cunninghamella bainieri 2A1 in repeated-batch culture at 48 h harvesting time
using different harvesting volumes of 60%, 70%, 80% and 90%.

Fatty acid® A%12C18:2 29C18:1 C18:0 Cl16:0
Harvesting time (h)  Harvesting volume (%)
60 70 80 90 60 70 80 90 60 70 80 90 60 70 80 90
48 030 041 043 035 120 150 149 137 045 041 042 063 065 059 0.60 0.83
96 028 032 031 030 082 099 114 1.09 022 038 037 044 038 050 046 049
144 024 020 024 023 086 098 098 092 024 035 030 034 042 050 045 048
192 020 012 024 021 087 098 091 092 026 031 030 027 041 046 041 042

% Fatty acid: A%12C18:2, linoleic acid; 2°C18:1, oleic acid; C18:0, stearic acid and C16:0, palmitic acid.

omega-3 proceed from same initial step as in stearic acid (C18:0)
which results in the synthesis of oleic acid and linoleic acid by
the enzyme A° and A'’-desaturase. Finally, GLA is produced
from linoleic acid which is catalyzed by A°-desaturase. This
enzyme makes a double bond on the sixth carbon counting
from carboxyl end (Hagan et al., 2006; Horrobin, 1993).

4. Conclusions

This study showed the enhancement of lipid production in the
batch culture of C. bainieri 2A1 grown in the nitrogen-limited
medium under elevated agitation rate. The current research
work indicated that increasing agitation rate caused higher
consumption of glucose which could favor biomass production
and lipid accumulation using nitrogen-limited medium.
Moreover, this study revealed that the repeated-batch culture
is a promising and reliable fermentation system for lipid syn-
thesis compared to the batch culture. The efficiency of the
repeated-batch culture was dependent on harvesting time and
harvesting volume, which determined biomass synthesis and
lipid production. The findings obtained from the repeated-
batch culture of C. bainieri 2A1 in the nitrogen-limited medi-
um revealed that the highest concentrations of biomass
(11.12 g/L) and lipid (3.30 g/L) were detected at the first cycle
of 48 h harvesting time using 90% and 70% harvesting

volume, respectively, however, maximum GLA concentration
of 0.23 g/L was produced at the last cycle of 48 h harvesting
time where 80% harvesting volume was utilized.
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