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The production of 'y-decalactone from castor oil in batch cultures of Yarrowia lipolytica W29 was com-
pared in stirred tank (STR) and airlift bioreactors. Oxygen mass transfer from air to biphasic medium
was characterized in both bioreactors through correlations for k;a with power input and superficial
gas velocity. Different conditions of oxygen transfer rate (OTR) were selected to perform biotransfor-
mations and for both bioreactors improvement of y-decalactone productivity was obtained with OTR
increase, with the highest value of 75+ 10mgL-" h~! being obtained in the STR for a k;a of 113+5h"1.

i(i?l‘i/z: ;t"reacmr However, a 2-fold increase in y-decalactone concentration (around 3 gL-') was achieved in the airlift
. lipolytica compared to STR. Morphological characterization of the yeast cells by quantitative image analysis tech-

~-Decalactone niques showed that pneumatic agitation causes less impact in the cells morphology than mechanical
Oxygen mass transfer rate agitation. A predominance of somewhat loose cells and quite irregular structures was observed in the

Cellular morphology STR.
Image analysis

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In aerobic cultures using non-hydrosoluble substrates, such as
the use of castor oil (CO) for the biotransformation of ricinoleic acid
into <y-decalactone by Yarrowia lipolytica, the selection of bioreac-
tor type is particularly important. Mass transfer phenomena in this
complex system include the oxygen mass transfer from the gas to
the liquid phases, between the liquid hydrophobic and aqueous
phases, and from the liquid phases to the cells. In classical stirred
tank bioreactors high shearing rates have been used to break down
air bubbles and substrate globules, and thus increase the interfacial
area for mass transfer [1-3]. Nevertheless, such agitation condi-
tions tend to separate adhered substrate globules to cells which,
in turn, can be prevented using aeration as the driving force pro-
moting agitation (the principle behind airlift reactors). A few other
disadvantages have been already found for stirred tanks: the degree
of agitation required to achieve sufficient oxygen mass transfer
may, at times, damage the microorganisms; the mechanical power
inputis high (leading to high operating costs), resulting in overheat-
ing. Furthermore, due to their complexity, stirred reactors are more
expensive and less robust than other types of bioreactors. Thus,
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other designs have been proposed and investigated since decades,
among which airlift reactors [4].

Airlift bioreactors are pneumatically agitated and often
employed in bioprocesses where gas-liquid transfer is important.
Some attractive features of airlift bioreactors are the low power
consumption, simplicity in construction with no moving parts, high
mass and heat transfer rates and uniform shear distribution [5,6].

The characterization of the oxygen mass transfer ability of each
type of bioreactor is very important for its applicability in aerobic
processes, being described by the volumetric oxygen mass trans-
fer coefficient (kya), a crucial parameter of bioprocesses scale-up.
kra depends on a large number of parameters: physical properties
of gas and liquid phases, operating conditions and the bioreactor
geometric design [7,8]. Several empirical correlations have been
proposed to estimate k;a in STR [9] and in airlift bioreactors [7].

Y. lipolytica, one of the strictly aerobic most studied “non-
conventional” yeast species, is able to use CO as substrate for
v-decalactone production, as the result of the peroxisomal [(3-
oxidation of ricinoleic acid, the main fatty acid of CO [10]. In this
[3-oxidation pathway, aeration is a critical parameter especially
concerning the accumulation of 3-hydroxy-y-decalactone [11]. As
an intervening factor in the metabolic pathway involved in this bio-
transformation, oxygen plays an important role in the reactions of
production and consumption of the aroma [12].

Y. lipolytica is a dimorphic organism capable of growing in two
distinct morphological forms, usually as single oval cells or as
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Nomenclature

Degq equivalent diameter (um)

kia oxygen volumetric mass transfer coefficient (h~1)

0 dissolved oxygen concentration within the reactor
(mgL-1)

oS oxygen saturation concentration (mgL-1)

OTR oxygen transfer rate (gL-1h-1)

Pg power input to the aerated system (W)

rpm rotations per minute

t time (h)

1% volume (m3)

Us superficial gas velocity (ms=1)

Greek letters

«, 8,y non-linear model parameters to be fitted

filamentous hyphae, reversibly. It is believed that the dimorphism
of this yeast, as well as other species, is a mechanism to over-
come stress conditions [ 13]. Thus, the yeast morphology is strongly
influenced by the growth conditions (aeration, carbon and nitrogen
sources, pH, dissolved oxygen concentration in the medium, etc.)
[14]. The system motion, ensured by mechanical mixing or induced
circulation, may have a significant effect on cellular activities. The
existence of short and large yeast cells, alongside filaments with
high ramification frequency, under steady stirring conditions, has
been reported in the literature, implying that the morphology of a
given mycelium seems to be consistently influenced by the mix-
ing conditions [15]. Although yeast cells may still grow in adverse
conditions, morphological changes can be observed. Microscopy
techniques, combined with image analysis, are regarded as quite
useful tools for yeasts morphological characterization toward the
enlightenment of the environmental conditions dependency.

Nowadays, the automatic analysis of numerical images captured
by digital cameras allows for quickly extracting of quantitative
information [16]. Thus, microscopy image analysis techniques have
gained, during the last years, an unquestionable role in several
fields of research regarding yeasts characterization [17,18]. Quan-
titative image analysis (QIA) procedures can provide valuable
information about the biological processes, and allow for a mon-
itoring tool to decide if a given action should be carried out in the
system. However, to the authors’ knowledge, QIA application has
never been considered for studying the morphological changes in
Y. lipolytica, regarding the use of different reactors configuration to
favor y-decalactone production.

The main goal of the presented study was to evaluate the
influence of mixing and oxygen mass transfer conditions on +y-
decalactone production by Y. lipolytica in biphasic culture medium
with CO as substrate. The influence of mechanical and pneumatic
agitation in the yeast cell morphology was also investigated using

QIA.
2. Experimental procedures
2.1. Microorganism, media and culture conditions

Y. lipolytica W29 (ATCC20460) was cultured for 48 h on YPDA
medium (agar 30gL-1, glucose 20gL~!, peptone 20gL~!, yeast
extract 10gL-1) at 27°C to inoculate (cell density of 0.5gL"1)
a 500 mL baffled Erlenmeyer flask containing 200 mL of glucose
medium (YPD medium: glucose 20gL~!, peptone 20gL~1, yeast
extract 10gL-1). Flasks were incubated at 140 rpm, 27 °C for 19 h.
Cells from this pre-inoculum were harvested by centrifugation
(2442 x g, 10 min) and used to inoculate 4.5L of YPD medium in

the airlift bioreactor and 1.7L of YPD medium in STR bioreac-
tor (RALF PLUS SOLO, Bioengineering, Switzerland), to obtain an
initial cell concentration of 0.5gL~1. After the cell growth phase
(cell density of 30 gL-1), the components of the biotransformation
medium were added to the culture, in order to start the biotransfor-
mation phase. The composition of the biotransformation medium
was 6.7 gL~1 YNB (yeast nitrogen base) with amino acids, 2.5 gL'
NH4Cl, 30gL-! CO and 3gL~! Tween 80, respectively.

2.1.1. Bioreactors

Biotransformations were carried out in a 4.5L operating vol-
ume in an internal concentric-tube airlift bioreactor with a 0.07 m
inside diameter. The height of the riser-tube was 0.37 m with an
inside diameter of 0.032 m. Air was used as gas stream in the gas-
liquid contactor and introduced at the bottom of the bioreactor
using a five holes sparger. The inlet gas flow-rate was measured
and controlled with a mass flow controller (Alicat Scientific, USA).
Cellular growth occurred at 27°C, and 5Lmin~! aeration rate, for
48 h. Biotransformations were carried out at 6Lmin~!, 7.5Lmin~!
and 9L min~! aeration rates.

A STR bioreactor was also used (3.7 L operating volume, with
0.31 m height and 0.17 m diameter, and with Rushton impeller, 6-
blade, 0.06 m outside diameter) and cellular growth occurred at
27°C, 500 rpm and 3L min~! aeration rate for 19 h. Biotransforma-
tions were performed at pH 6 [19], air flow-rates of 1.7 Lmin~! and
5.1 Lmin~! at stirring speeds of 400 rpm, 500 rpm and 650 rpm.

2.1.2. Oxygen mass transfer determination

In the experiments without cells, the static gassing-out
technique was used for the k;a determination [20]. During biotrans-
formations k;a was determined using the dynamic gassing-out
technique [21].

For k;a modeling, the data fitting to Eqs. (1) and (2) was per-
formed by least-squares non-linear regression using the Solver tool
of Microsoft Excel 2011 software.

8

P—g) (V)" (1)

kLa:oz( v

This equation was applied for data obtained in STR where Pg rep-
resents the power input to the aerated bioreactor, V the bioreactor
working volume, s the superficial gas velocity and ¢, § and y are
dimensionless constants.

The power input to the aerated system (Pg) was determined
according to Rushton et al. [22] and Michel and Miller [23], taking
into account that the flow regime inside the system is turbulent
[24]. Also, according to Michel and Miller [23], the parameters of
this empirical equation depends of systems geometry and was only
valid for superficial gas velocity between 0.042 and 0.180 ms~! and
agitation rate between 180 and 960 rpm, that cover the conditions
used in this work.

kia = CuU¥ (2)

Eq.(2)was applied for data obtained in the airlift where v is the
superficial gas velocity, and C and « are dimensionless constants.

2.2. Sampling and analytical methods

Samples were collected throughout the monitoring period for
yeast cells concentration and lactones quantification. Cell con-
centration was estimated by optical density measurements for
cultures in YPD medium and by microscopic cell counting using
a Neubauer-improved counting chamber [25] for cells in biotrans-
formation medium, due to the oil interference in optical density
measurements. Cellular viability was estimated by the methylene
blue method [26]. Lactones were extracted from 2 mL samples with
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2 mL diethyl ether, and the organic phase was analyzed by GC as
previously described by Braga et al. [27].

The lipidic material was also visualized and analyzed by Nile
blue A staining. The methodology was adapted from Ostle and Holt
[28], by incubating 1 mL of sample (supernatant) with one drop of
Nile blue A for 10 min, and is further reported in Mesquita et al. [29].
Qil droplets were visualized using epifluorescence microscopy by
means of an Olympus BX51 (Olympus, Tokyo, Japan) fluorescence
microscope at 400x total magnification.

2.3. Image analysis

2.3.1. Samples preparation

During the monitoring period, samples were also collected
for morphological characterization using QIA in bright-field
microscopy. 1 mL of each sample was collected and centrifuged at
5000 rpm for 5 min. The supernatant was discarded and the pellet
cells were washed and re-suspended with distilled water and cen-
trifuged using the same conditions. This procedure was repeated
three times in order to remove all lipidic material. The pellet cells
were thenre-suspended in 1 mLof distilled water. Afterwards, sam-
ples were combined with the same volume of safranin O (0.25% v/v,
Panreac) and then visualized in bright-field microscopy.

2.3.2. Bright-field image acquisition

The safranin stained yeast cells were observed by means of
an Olympus BX51 (Olympus, Tokyo, Japan) optical microscope, at
400x magnification, coupled with an Olympus DP25 (Olympus,
Tokyo, Japan) digital camera. Image acquisition was further per-
formed according to Mesquita et al. [30].

2.3.3. Bright-field image analysis

The image processing and analysis was based on the identifi-
cation, quantification, and morphological characterization of yeast
cells using Matlab 7.8.0 (The Mathworks, Natick, MA). A detailed
description of the developed image processing and analysis pro-
gram is presented below.

The first step of the QIA procedure was based on the enhance-
ment of the color images by background removal. In this stage the
original image was first divided by a previous acquired background
image to minimize background light differences. Afterwards, the
resulting RGB image was split into the three composing channels
(red, green and blue), and the segmentation took place using the
image of the minima of the three channels. Next, objects connected
to the image border as well as small debris were suppressed. Fur-
thermore, the application of hole-fill procedure, and distance based
morphological operations was further used, to fill object holes and
enhance the borders definition. The resulting binary image was
further used for characterization, upon the isolation of individual
cells. The yeast cells were classified according to their size, based
on the equivalent diameter (Deq) in small (Deg <2 m), intermedi-
ate (2 wm<Deg <10 wm) and large cells (Deg > 10 um). For each size
several morphological parameters were determined for cell charac-
terization, supported in the previous study of Amaral and Ferreira
[31] and Mesquita et al. [32].

3. Results and discussion
3.1. Oxygen mass transfer in airlift and STR bioreactors

Mass transfer modeling in biphasic systems has been conducted
by several authors [33,34]. Biphasic systems have been used to
improve mass transfer from the gas to the aqueous phase, where
the second liquid phase (organic) is usually an inert compound, like
perfluorocarbons and silicone oils, among others [1]. On the other
hand, several biotechnological processes have been developed in
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Fig. 1. Experimental k;a values at various experimental conditions in (a) STR, air
flow-rate: (M) 1.7Lmin~"; ()3 Lmin~! (") 5.1 Lmin~' and (b) airlift bioreactors.

biphasic systems formed by an oil-in-water emulsion, in which the
oil is the substrate to be degraded by microorganisms.

This is the case of y-decalactone production by Y. lipolytica
where the culture medium is an oil-in-water emulsion composed of
castor oil, or its derivatives, stabilized by Tween 80. In two-liquid
phase systems, with the organic phase dispersed in the aqueous
phase, the effect of the organic compound concentration on k;a
can be taken into account [33] that was not applied in this work
since constant oil concentration was used.

Experimental results of k;a obtained for the different experi-
mental conditions investigated in STR and airlift bioreactors are
depicted in Fig. 1a and b, respectively.

From the results in Fig. 1a it is possible to observe that for the
STR, increasing the agitation from 400 rpm to 650 rpm and aeration
rates from 1.7Lmin~! to 5.1Lmin~! resulted in a 2.3-fold incre-
ment of the k;a. It was also found that the agitation was the most
important factor affecting k;a, since its increase from 400 rpm to
650 rpm, at constant air flow-rate of 5.1Lmin~1, led to a 2.9-fold
increase in k;a. This behavior is in agreement with the results of
Amaral et al. [35], Gomes et al. [33] and Gémez-Diaz and Navaza
[36] which showed that k;a depends more strongly on agitation
than on aeration rates. In the STR, the increase of aeration had
no significant effect in k;a values (p <0.05) for the lower agitation
speeds (see Fig. 1a). This is due to the fact that increasing mixing
induces the fine dispersion of air bubbles in the biotransformation
medium, thus resulting in the gas-liquid interfacial area increase.
Also, for lower OTR conditions the mixture low efficiency canlead to
limitations in the homogenization of the medium and consequently
affect oxygen mass transfer. In the airlift bioreactor (Fig. 1b), the
aeration rate had a strong impact in k;a since an increment of the
air flow-rate from 1Lmin~! to 9Lmin~! resulted in a 16.3-fold
increase of the k;a. This observation is in agreement with previ-
ous experimental works [37-42]. Comparing both reactors, for the
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Table 1

Volumetric mass transfer coefficient (k a) obtained for the airlift (under different air flow-rates) and STR (under different air flow-rates and agitation speed) reactors. Data

are presented as the mean and standard deviation of two independent experiments.

Airlift STR
Air flow-rate (Lmin~') kia (h=1) Productivity Agitation and kia (h=1) Productivity
(mgL-'h1) air flow-rate (mgL-'h1)

6 16 £+ 4 29+ 4 400 rpm 39+3 16 £ 6
1.7Lmin~!

7.5 21+3 39+7 500 rpm 69 + 3 31+8
5.1Lmin~!

9 35+£3 65+9 650 rpm 113 +5 75 £ 10
5.1Lmin~!

tested conditions and similar air flow-rates, higher k; a values were
observed for the STR with respect to the airlift bioreactor.

A number of empirical correlations have been proposed to esti-
mate k;a values in different reactor types. Dimensional equations
establish relationships between k;a and superficial gas velocity,
fluid properties and bioreactor geometry (mainly column height
and diameter, and sparger characteristics), although the last ones
present relatively little influence. The STR dataset (Fig. 1a) was fit-
ted by Eq. (1) resulting in Eq. (3) and from the airlift dataset (Fig. 1b)
was fitted by Eq. (2) resulting in Eq. (4).

0.51+0.08
) 1,0-24£0.11 3)

kul:(lSi]l)(ié

kpa = (759 & 45)v,!-85+0-13 (4)

For the empirical equation (3), the Pg/V range from 30.7 to
163.4W m~3 and vs from 0.0023 to 0.0069 m s~!. The vs range from
0.021to 0.187ms~1, in Eq. (4).

For the airlift the predicted k;a was 1.03 & 0.09 the experimental
kia, and for the STR the predicted k;a was 0.84 &+ 0.08 the experi-
mental k; a, showing that Egs. (3) and (4) allow for a good estimation
of the real k;a values. Given the obtained regression coefficients
(R?) of 0.86 and 0.98, for STR and airlift respectively, it could be
concluded that Eq. (3) is a worse fitting of data than Eq. (4).

From Eq. (3) it can be observed that k;a depends on a power
function of 0.51 with the specific power input (P¢/V) and on a
power function of 0.24 with the superficial gas velocity (vs). The
obtained power coefficients confirm that k;a depends strongly on
the specific power input than on the superficial gas velocity, given
the lower vs power coefficient. According to Kawase and Moo-
Young [43], for aqueous systems, the suggested values for § (Eq.
(1)) are between 0.37 and 0.80, while, for y (Eq. (1)), the values
are between 0.4 and 0.84. Comparing the obtained values with
the ones previously described in the literature, it was found that
& was within the range specified by Kawase and Moo-Young [43].
However, for y the found value was lower. It should be kept in
mind though, that those studies were performed in water systems
and this work described a biphasic system. In fact, Sauid et al. [44]
studied the oxygen mass transfer in a biphasic system with palm
oil and observed that the presence of vegetable oil could increase
the k;a and, depending on the oil fraction added to the medium,
alter the y exponent between 0.12 and 0.34. These values indicate
that the functional dependence of k;a on operating conditions for
two-phase systems is slightly different from single-phase systems.
Furthermore, it reinforces the k;a dependence on agitation, a very
important factor to increase the organic phase dispersion in the
aqueous phase, improving gas-liquid mass transfer [1].

According to Bello et al. [45] and Barboza et al. [46], for aqueous
systems, the suggested values for Us exponent in Equation 4, ranges
between 0.5 and 1.3, slightly lower than the 1.85 vs value obtained
in the current study.

3.2. y-Decalactone production

From the studied set of conditions, biotransformations exper-
iments were performed for selected OTR conditions in airlift and
STR bioreactors.

From Table 1 it is clearly observed that k;a has a positive influ-
ence on aroma productivity, for both bioreactors. The increase in
v-decalactone productivity is a consequence of the increase in the
production rate and not on the maximum aroma concentration
obtained (Fig. 2).In fact, Fig. 2a indicates a maximum y-decalactone
concentration of 2.9+0.1gL-!, obtained at 104 h with the lower
OTR used (6 Lmin~1) for the biotransformation in the airlift. The
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Fig. 2. Accumulation of y-decalactone in the biotransformation medium under
different operating conditions in the (a) airlift bioreactor: (o) 6Lmin~!; (®)
7.5Lmin~'; (M) 9L min~'and in (b) STR: (A) 400 rpm and 1.7 Lmin~'; (O) 500 rpm
and 5.1Lmin~'; (O) 650rpm and 5.1 Lmin~!. Data are presented as mean and
standard deviation of two independent experiments.

Adapted with permission from Braga and Belo [19].
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same behavior is shown in Fig. 2b, with the maximum aroma con-
centration (1.5+0.4gL-1) obtained for the lower oxygen transfer
tested (1.7Lmin~! and 400 rpm) in the STR.

Increasing the oxygen transfer rate reduces the time needed
to reach the peak of -y-decalactone production, resulting in higher
productivities than the ones obtained using low oxygenation con-
ditions (Table 1). This is in agreement with the results obtained
by Aguedo et al. [47] and Garcia et al. [48]. Both works concluded
that low oxygen concentrations in the medium induce the control
of the B-oxidation pathway by acyl-CoA oxidase and therefore, an
accumulation of y-decalactone occurs.

Gomes [49] studied the y-decalactone production from methyl
ricinoleate in airlift bioreactors and observed that an increase
on the oxygen transfer rate led to inversely proportional aroma
concentrations, obtaining 1gL~! aroma with an air flow-rate of
1Lmin~!. This fact was partly attributed to the Perspex airlift
reactor used by Gomes [49]. In fact, the use of Perspex leaded to
cell adhesion on the reactor surface, thus lowering the amount of
“viable” cells in the biotransformation medium for efficient sub-
strate utilization. Furthermore, when the adhered cells form a
biofilm, oxygen mass transfer may be further reduced within it.

Comparing the results obtained for the two bioreactors, higher
aroma concentrations were obtained for the airlift, although need-
ing larger times for maximum <y-decalactone production. On the
other hand, in the STR for higher oxygen transfer rate, the process
was very fast, with maximum aroma production at 12 h, a full 24 h
earlier than in the airlift.

Also, in STR bioreactor, for low oxygen transfer rate, a com-
plete depletion of dissolved oxygen was observed. In contrast, when
using high agitation and aeration rates a stable dissolved oxygen
concentration, between 40% and 60%, was observed throughout the
experiment. In airlift bioreactor, contrarily to STR, a stable dissolved
oxygen concentration, between 30% and 50%, was observed in all
experiments.

3-Hydroxy-vy-decalactone production was also analyzed since,
as previously described, the accumulation of this compound can
provide useful information concerning the [3-oxidation metabolic
pathway control. According to Fig. 3, in general, the production of
this lactone was inverse to y-decalactone: higher oxygen transfer
rate led to higher concentrations.

The increase of 3-hydroxy-y-decalactone concentration in the
medium was also dependent on oxygen transfer, in agreement
with the results from Aguedo et al. [47] who observed that 3-
hydroxyacyl-CoA dehydrogenase was induced by high oxygen
levels, resulting in an accumulation of this lactone. Furthermore,
Garcia et al. [48] have also reported this compound synthesis for
high OTR conditions. Higher 3-hydroxy-vy-decalactone concentra-
tions were obtained in the present work, regarding the study of
Garcia [50] on 3-hydroxy-vy-decalactone production in an airlift
bioreactor (1.5gL~! at 0.493 vvm). As above mentioned, the used
Perspex based reactor may have induced cells to adhere to the reac-
tor surface, lowering the cells in the biotransformation medium,
and possibly forming a biofilm with limited oxygen transfer.

Comparing the results obtained for the two bioreactors it is pos-
sible to observe higher hydro-lactone concentrations for the STR.

Despite of similar productivity values in both bioreactors
(Table 1), although these values were obtained at lower k;a val-
ues in airlift bioreactor, the hidden effect of mixture could play an
important role and mask the differences observed.

Due to the limited solubility of oil in water, cells growth in a
medium containing lipids is influenced by the size of the oil droplets
[51]. Thus, the oil droplets size on the emulsion, can strongly
affect aroma production. Observations of oil droplets during its
biotransformation by Y. lipolytica showed a quite dissimilarity
between airlift and STR bioreactors (Fig. 4). It was found that larger
oil droplets were obtained with the lower air flow-rate for the
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Fig.3. Accumulation of 3-hydroxy-vy-decalactone in the biotransformation medium
under different operating conditions in the (a) airlift bioreactor: (o) 6Lmin~'; (®)
7.5Lmin~'; (M)9Lmin~" and in (b) STR: (A) 400 rpm and 1.7 Lmin~'; () 500 rpm
and 5.1Lmin~'; (O) 650rpm and 5.1 Lmin~!. Data are presented as mean and
standard deviation of two independent experiments.

airlift bioreactor (6 Lmin~1) (Fig. 4a) when compared to the STR
for all tested conditions (Fig. 4d-f). Furthermore, it was found that
the air flow-rate increase in the airlift led to smaller oil droplets
(Fig. 4b and c), thus increasing mixture. On the other hand, for the
STR the increase on the aeration and agitation rates seemed to have
no significant impact on the oil droplets size, leading in all cases to
small oil droplets, indicative of a good mixture.

Previous studies from Aguedo et al. [51] revealed that the con-
tact between cells and droplets occurs mainly through the adhesion
of small-sized droplets on the surface of the yeast. In the present
case, after microscopic visual inspection, it was found that smaller
CO droplets increase the aroma production rate. This corroborates
the theory that the cells contact with the substrate occurs by the
adsorption of small oil droplets in the cell surface.

Another possible explanation for the differences observed in
the two systems is the impact of mechanical mixing or induced
circulation in the cell morphology. Thus, the study of cell morpho-
logical and size changes, through microscopy and image analysis
techniques, enables a better understanding of cellular adaptation
mechanisms [52,53].

In all experiments, no significant cellular growth occurred dur-
ing biotransformations and the viability of the cells remained
practically constant at 95% during the whole experiments.

In this study, QIA was used to investigate possible morpho-
logical changes in Y. lipolytica cells caused by the increase of the
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Fig. 4. Castor oil droplets stained with Nile blue A, in airlift (a) 6L min';
5.1Lmin~'; (f) 650 rpm and 5.1 Lmin~!. The scale bar represents 50 pm.

air flow-rate, and to compare between mechanical and pneumatic
mixing. In Fig. 5 images of Y. lipolytica cells in airlift and STR reac-
tors are presented. It is possible to observe that in STR experiments
pseudo-hyphae form of the cells increased with respect to the
airlift. This result indicates that mechanical agitation may cause
increased stress in the cells with respect to pneumatic agitation.
These results are in agreement with the work of Kawasse et al.
[13] showing that Y. lipolytica under thermal and oxidative stress
increased hyphae formation, as a cell mechanism response to stress
conditions. Also the effect of low dissolved oxygen was previously
reported by Cruz et al. [14] in dimorphic yeasts as a stress factor
causing the conversion from oval cells to hyphae.

Taking into account the information provided by image analy-
sis, it is known that the equivalent diameter (Deq) is a size related
variable; compactness represents the space fulfilling ability; eccen-
tricity the elongation of the object, and robustness conjugates the
fulfilling ability and the border’s roughness [31]. In previous stud-
ies, it has been already found the usefulness of evaluating different
cell size classes using image analysis information [17,18]. In the
current work, Y. lipolytica cells were divided in three classes, with
respect to the equivalent diameter: below 2 um, between 2 and
10 wm, and above 10 wm. The larger size class was considered to
represent attached cells; the intermediate size class was composed
by normal cells and the smaller size class configured individual
bud cells (after the release from the budding cell). The equivalent
diameter of each cell class was evaluated to survey the effect of
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) 7.5Lmin~'; (c¢) 9L min~' and STR reactors (

) 400rpm and 1.7 Lmin~'; (e) 500 rpm and

the reactor configuration in the cells size. First, a comparison was
performed concerning the D.q behavior for each bioreactor. It was
found that the Deq obtained for each size class and for both reac-
tor configurations was kept constant during the monitoring period
and in average around 8.1 wm (data not shown). Thus, only aver-
age results were further considered since no substantial differences
were observed when the three classes were analyzed separately.

An in-depth analysis was then performed regarding the mor-
phological characteristics of the cells. The cells morphological
characterization (Fig. 6) revealed that when the airlift bioreactor
was operated with air flow-rate of 6, 7.5 and 9L min"!, no sig-
nificant dissimilarities were obtained, indicating that the aeration
provided as the driving force to promote agitation favored the pres-
ence of compact (high robustness values around 0.81), regular (high
compactness values around 0.86), and somewhat elongated cells
(eccentricity values around 0.68).

The analysis of the most significant morphological parameters
of the STR (for 650 rpm and 5.1 Lmin~!), showed a predominance
of somewhat less compact (lower values of 0.75 for compactness),
more elongated (higher eccentricity values around 0.77), and more
irregular cells (lower robustness values around 0.72). This indicated
that the cells could also be mechanically more fragile. Thus, it could
be established, by the cells morphological characterization based
on QIA, that pneumatic agitation should be preferred in the present
case and that mechanical agitation caused a fair amount of stress
to the cells.

W T
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6 e
5 ..d. 3
® & &

Fig. 5. Yarrowia lipolytica cells stained with safranin in (a) airlift bioreactor and (b) STR. The scale bar represents 50 pm.
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Fig. 6. Morphological parameters. (a) Robustness, (b) compactness, and (c) eccentricity for the characterization of the airlift (¢) 6L min~'; (®)7.5Lmin~'; (®) 9Lmin~! and

(A) STR reactors.

4. Conclusion

v-Decalactone production from castor oil by Y. lipolytica W29
has been studied in an STR and an airlift bioreactor, taking into
account the effect of oxygen transfer rate and bioreactor design.
Independently of the bioreactor type, OTR increase improved vy-
decalactone production rate but decreased the maximum aroma
concentration achieved. A maximum -y-decalactone concentration
of around 3 gL~! was obtained in the airlift for lower k;a values.
Applying QIA techniques for cell morphological characterization
it was possible to show that in airlift bioreactor cells were more
compact, regular and somewhat elongated contrarily to STR, where
cells were less compact, more elongated and irregular. Thus, the use
of airlift bioreactors, which do not require mechanical agitation, a
major cause of shear stress to the cells, may offer an alternative
system for y-decalactone larger scale production using Y. lipolytica.
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