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Response surface methodology (RSM) based on Box-Behnken design (BBD) was employed to
investigate the effect of ultrasonic treatment on B-carotene production by Blakeslea trispora. The
optimized strategy involved exposing three-day-old mycelial cultures to ultrasonic treatment at a fixed
frequency of 20 kHz, power of 491 W, treatment time of 3 min, working time of 3 s, and rest time of
5.8 s, repeated four times at a 24-h interval. Mycelium growth was not significantly promoted under
ultrasonic stimulation; however, the glucose metabolism increased by about 10 %, the average size
of the aggregates significantly decreased, and the uptake rate of imidazole into cells was increased
about 2.5-fold. After a 6-d culture, the technique produced 173 mg/L of 3-carotene and 82 mg/L of
lycopene, which represented an increase of nearly 40.7% and 52.7 %, respectively, over the yields

obtained in cultures without ultrasonic treatment.
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Introduction

The biological function of B-carotene and ly-
copene in human wellness has drawn significant atten-
tion because of their commercialization in functional
food, medicine, and cosmetic industries. Compared
with other microorganisms, Blakeslea trispora exhibits
a higher potential for B-carotene and lycopene pro-
duction (Mantzouridou and Tsimidou, 2008). Different
methods for improving the carotenoid production by
B. trispora have drawn considerable research interest.
In most studies, ingredients were added into the cul-
ture medium to promote carotenoid synthesis. The use
of natural vegetable oils as co-substrate enhanced the
fungal growth, subsequently increasing the carotenoid
production (Mantzouridou et al., 2006; Papaioan-
nou and Liakopoulou-Kyriakides, 2010). Trisporoids
and their analogues enhanced the expression of key
metabolic enzymes and improved the carotenoid pro-
duction (Sun et al., 2012). Isopentenyl compounds and
metabolic precursors (geraniol, isopentenyl alcohol,
and mevalonic acid) were found to improve the ly-

copene production by B. trispora (Shi et al., 2012).
The addition of exogenous butylated hydroxytoluene
enhanced the oxidative stress in B. trispora and in-
creased the carotene production (Nanou and Roukas,
2010). n-Hexane and n-dodecane were added into the
medium as oxygen vector to improve the lycopene
and B-carotene production by B. trispora (Xu et al.,
2007). However, physical methods such as microwave
and ultrasonic stimulation for carotenoid production
by B. trispora have not been reported. High-frequency
ultrasound (beyond 20 kHz) is widely employed for
damaging cells and breaking cell walls to release in-
tracellular products at the laboratory scale. Never-
theless, suitably applied ultrasound can enhance the
productivity of bioprocesses involving live cells and
bioactive enzymes (Sulaiman et al., 2011). The effects
of ultrasonic treatment on productivity enhancement
have been reported for filamentous fungi (Sainz Her-
rdn et al., 2008). Ultrasonic treatment appears to pro-
voke a highly complex process; thus, a new method
for improving the B-carotene and lycopene production
by B. trispora is proposed. The effects of ultrasonic
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treatment on mycelium growth, glucose metabolism,
B-carotene and lycopene production, mycelium mor-
phology, and the uptake of imidazole into cells are dis-
cussed.

Materials and Methods
Chemicals and reagents

All chemicals, reagents, and solvents were of an-
alytical or high-performance liquid chromatography
(HPLC) grade (Aladdin, Shanghai, China).

Microorganisms

The microorganisms were B. trispora ATCC 14060
mating type (+) and B. trispora ATCC 14059 mating
type (—). Both strains were purchased from the China
Center for Type Culture Collection (Wuhan, China).

Culture conditions

The strains were grown on potato dextrose agar
medium at 28 °C for 3 d, and the spores were used for
inoculation of the culture medium.

Fermentation conditions

About 10° spores of B. trispora [1:4 mixture, by
spore number, of ATCC 14060 (+) and ATCC 14059
(—)] were inoculated into 300-mL Erlenmeyer flasks
containing 100 mL sterile medium for B-carotene and
lycopene production (Choudhari and Singhal, 2008).
Fermentation was conducted at 28 °C on a rotary
shaker (200 rpm) for 7 d. The composition of the
fermentation medium was as follows: 2 g/L Span®
20 emulsifier, 100 g/L glucose, 12 g/L yeast ex-
tract, 1.5 g/L NayHPOy, 3 g/L KHyPOy, and 0.5 g/L
MgSO;4. A solution of imidazole with a final concen-
tration of 2 g/L in the culture medium was added for
lycopene production after 72 h of fermentation.

Lycopene and B-carotene extraction

The mycelium was vacuum freeze-dried for 48 h
and ruptured with liquid nitrogen by manual grind-
ing until complete cell disruption. The samples were
then subjected three times to stirring-assisted extrac-
tion with petroleum ether at room temperature.

H.-B. Wang et al. - B-Carotene and Lycopene from Blakeslea trispora

Extraction of intracellular imidazole

The dry mycelium was ruptured by freezing using
liquid nitrogen and then by manual grinding until com-
plete cell disruption. Ultrasonic extraction of imidazole
with distilled water was performed three times, for 1 h
each, at room temperature.

Analytical methods
Lycopene and -carotene analysis

B-Carotene and lycopene were separated using
an Agilent (Santa Clara, CA, USA) HPLC system
equipped with an Ascentis (Supelco, Bellefonte, PA,
USA) RP column (RP-amide, 15 cm x 2.1 mm X
5 um). The operating conditions were as follows: elu-
tion solvent, acetonitrile; flow rate, 0.4 mL/min; injec-
tion volume, 10 uL. Carotenoid absorption was mea-
sured at 472 nm.

Glucose analysis

Glucose was quantitated by the 3,5-dinitrosalicylic
acid method for reducing sugars (Miller, 1959).

Imidazole analysis

The HPLC analytical procedure for 4-methylimida-
zole was modified for the analysis of imidazole (Klej-
dus et al., 2003). The operating conditions were as fol-
lows: separation column (Agilent), RP column (Zor-
bax SB-C18, 4.6 mm x 250 mm x 5 um); elution sol-
vent, 95% 0.05 M K3POy4, 0.025 M sodium heptane-
sulfonate buffer, and 5% methanol, pH 3.0; flow rate,
1 mL/min; injection volume, 10 uL; detection wave-
length, 220 nm. Intracellular imidazole was continu-
ously determined for 3 h after the addition of imida-
zole to the culture.

Image analysis of mycelium morphology

The method reported by Nanou e al. (2011) was
used for the image analysis of the mycelium mor-
phology. For the determination of the aggregate size,
0.1 g of 6-d-old wet biomass was mixed with 15 mL of
sterile distilled water, and the diluted sample was ob-
served microscopically (Eclipse TS100; Nikon, Tokyo,
Japan). Ten samples of 0.1 g wet biomass each were
analysed per ultrasonic and non-ultrasonic culture, re-
spectively, and the results were expressed as the per-
centage of aggregated mycelia.
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Fig. 1. Ultrasonic treatment device and ultrasonic operation.
The ice bath was used only during sonication.

Experimental setup for ultrasonic treatment

An ultrasonic cell crusher (Scientz-IID; Ningbo Sci-
entz Biotechnology, Ningbo, China) was used to son-
icate the B. trispora culture flasks. The ultrasonic
unit released a maximum power output of 950 W and
a fixed frequency of 20 kHz. After fermentation of B.
trispora in a shaking culture, the ultrasonic generator
probe was placed in the flasks. All samples were di-
vided into six groups, including three control groups
of non-ultrasonic and three groups of ultrasonic treat-
ment, respectively. From day 3 on, all mycelium cul-
tures underwent ultrasonic stimulation at a constant
frequency of 20 kHz once every 24 h, repeated four
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times. The ultrasonic treatment device and operation
are shown in Fig. 1.

Optimization of ultrasonic parameters by the response
surface methodology (RSM)

The operating time of ultrasonication was set to 3 s.
The ultrasonic parameters consisted of power, treat-
ment time, and rest time. RSM was employed to elu-
cidate the effects of these important parameters on the
B-carotene production by B. trispora using the Box-
Behnken design (BBD). Table I presents the design
matrix. The f-carotene yield was regarded as the re-
sponse. The experiments were conducted in triplicate
to predict measurement variability. The relationship of
the independent variables and the response were in-
vestigated by the following second-order polynomial
equation:

3 3 3
Y=Xo+ Y aXi+ Y aiXP + 3, Y aiXiX;, (1)
i=1 i=1

i=li<j

where Y is the predicted response (B-carotene yield),
Xo, aj, a;;, a;j are constant coefficients, and X; and X;
(i=1,2,3; j=1,2,3;i+# j) represent the independent
variables (power, treatment time, and rest time). The
quality of fit of the second-order model equation was
determined by the coefficient of determination, R?, and

Table I. Experimental design for -carotene production using B. trispora by ultrasonic treatment.

Run Power X; Treatment Rest time X3 Response
[W] time X» [s] (B-carotene yield)
[min] [mg/L]
Observed Predicted

1 400 4 6 1704 +4.2 164.8
2 400 6 4 1355 +£53 128.6
3 200 4 4 1254 £ 5.6 124.7
4 200 6 6 132.1£5.0 139.8
5 400 4 6 1559 +59 164.8
6 400 4 6 159.3 +£ 6.0 164.8
7 600 4 8 1505+ 7.4 151.2
8 600 6 6 1129 + 64 119.7
9 400 6 8 1659 + 5.5 158.4
10 200 2 6 105.8 £5.4 99.0
11 400 2 4 146.6 + 10.2 154.2
12 400 4 6 1675+ 74 164.8
13 200 4 8 1257 +£4.3 125.6
14 600 2 6 169.8 +£7.3 162.1
15 400 2 8 1275+ 7.6 134.4
16 600 4 4 1420+ 44 142.1
17 400 4 6 1709 + 7.7 164.8

The observed values are means + SD.



240

its statistical significance was calculated by an F-test.
Three-dimensional (3D) response surface analysis was
conducted by assigning a middle value to one indepen-
dent variable and varying the values of the two other in-
dependent variables. The computer software used was
Design Expert version 8.0. 5.0.

Results and Discussion
Optimization of B-carotene production

To estimate the combined effect of the three differ-
ent ultrasonic parameters (independent variables) on
the B-carotene yield, a BBD of 17 experiments was
performed. Table I shows the experimental design and
the results of the 17 experiments. By substituting fac-
tor levels into the regression equation (2), the maxi-
mum predictable response for the 3-carotene produc-
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Table II. ANOVA for the regression equation (2).

Source Sumof Degree of Mean F value P value
squares  freedom square
Model  6519.09 9 724.34 8.36 0.0053
X 928.80 1 928.80  10.72 0.0136
X 1.36 1 1.36 0.016 0.9038
X3 50.50 1 50.50 0.58 0.4702
Xl2 1912.52 1 191252 22.07 0.0022
Xz2 749.01 1 749.01 8.64 0.0217
X32 242.40 1 242.40 2.80 0.1383
X1 X, 1730.56 1 1730.56  19.97 0.0029
X1 X3 16.81 1 16.81 0.19 0.6729
X X3 612.56 1 612.56 7.07 0.0325
Residual  606.60 7 86.66
Cor total 7125.69 16

tion was calculated and experimentally verified. The
results were analysed using ANOVA, and the resulting
parameters calculated based on the -carotene yield as
responses are presented in Table 1. Substituting the co-
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Fig. 2. Three-dimensional response surface plots for the S-carotene yield: (A) effects of power and treatment time on the
B-carotene yield; (B) effects of power and rest time on the 3-carotene yield; (C) effects of treatment time and rest time on the

B-carotene yield.
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efficients presented in Table I into equation (1) results
in the following equation:

Cp-carotene (mg/L) = —67 +0.66X; +28.71X,

+9.59X3 — 0.05X1X> +5.13 - 103X, X3 + 3.09X,X3

2

which represents the quantitative effects of the three
individual factors and their interactions on the re-
sponse, Cg_carotene- The multiple correlation coefficient
R? of the regression equation for the -carotene yield
obtained by ANOVA was 0.91, indicating that this
quadratic equation satisfactorily describes the relation-
ships of the three factors with the response. The es-
tablished model was found significant (P =0.0053)
and the B-carotene yield could be predicted by ap-
plying ANOVA [equation (2); Table II]. The P value
was used to check the significance of each coeffi-
cient. The smaller the P value, the more significant
was the corresponding coefficient. P < 0.05 suggested
that the model terms were significant. The correspond-
ing P value of each coefficient indicates that the power
(P =0.0136) had the highest impact on the 3-carotene

—5.33-107*X7 — 3.33X7 — 1.90X7,
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production. With appropriate power, no cavitation oc-
curred in the medium and carotenoid formation was
promoted. Power beyond the suitable range would se-
riously damage the cells and even lead to the death of
the fungus.

The graphs in Fig. 2 illustrate the effects of individ-
ual factors on the carotenoid yield. Figure 2A shows
the effects of power (X;) and treatment time (X3); the
interaction between power (X;) and rest time (X3) is
evident from Fig. 2B; the effects of treatment time (X3)
and rest time (X3) on the -carotene yield are seen in
Fig. 2C. Optimal ultrasonic parameters were identified
based on the curvature of the 3D plots. By keeping
another variable at its middle level, 3D plots of two
factors versus f-carotene production were drawn, and
the corresponding contour plot was obtained. The opti-
mal conditions for the three ultrasonic parameters ob-
tained from the model were as follows: power, 491 W;
treatment time, 3 min; and rest time, 5.8 s. Therefore,
the optimal strategy consisted of exposing three-day-
old mycelial cultures to a 3-min ultrasonic treatment at
a fixed frequency of 20 kHz, power of 491 W, working
time of 3 s, and rest time of 5.8 s, repeated four times
at a 24-h interval.
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Fig. 3. Effect of ultrasonic stimulation under conditions of -carotene (A—C) or lycopene (D—F) production: (A) glucose
metabolism, (B) biomass, (C) B-carotene production vs. fermentation time; (D) biomass, (E) intracellular imidazole content,
(F) lycopene production vs. fermentation time. A Non-ultrasonic; e ultrasonic.
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Effect of ultrasonic stimulation on B-carotene
production

Figure 3A indicates that under ultrasonic stimula-
tion, glucose metabolism was slightly enhanced by
about 10%. This increase may provide more acetyl-
coenzyme A and reducing equivalents for the f-
carotene synthesis. Glucose metabolism was almost
completed after 8 d of fermentation. The maximum
biomass concentration reached (17.57 £ 1.21) g/L by
ultrasonic stimulation and (16.77 +0.31) g/L without
ultrasonic treatment; these values improved by about
5% after 6 d (Fig. 3B). Dai et al. (2003) reported that
low-energy ultrasonic treatment increased the biomass
concentration of the filamentous fungus Ecemothecium
ashbyii, and fermentation time was markedly short-
ened with maximum biomass concentration. However,
B. trispora growth was not significantly promoted by
ultrasonic stimulation. This result was consistent with
the results of previous research in that ultrasonic treat-
ment only altered the morphology of mycelia as well
as the broth rheology, but without changing the growth
of filamentous fungi (Kwiatkowska et al., 2011).

The maximum production of B-carotene obtained
experimentally using the optimal strategy reached
(173.04 10.36) mg/L, which correlated well with the
predicted value of 167.2 mg/L determined by RSM
regression. Without ultrasonic treatment, f-carotene
production was only (123.1+3.69) mg/L (Fig. 3C).
Thus, ultrasonic simulation increased the B-carotene
yield by 40.7 %. Only when the biomass of B. trispora
had reached its maximum, the large-scale synthesis of
B-carotene did start; therefore, mycelium growth and
B-carotene production were not synchronous. Based on
our experimental results, glucose metabolism was en-
hanced slightly, and mycelium growth was hardly af-
fected, while B-carotene biosynthesis was significantly
promoted by ultrasonic treatment.

Effect of ultrasonic stimulation on lycopene
production

As shown in Fig. 3D, the fungal biomass reached
(17.3+£0.95) g/L with and (17.97 £0.6) g/L with-
out ultrasonic treatment, respectively, after 72 h. Fun-
gal growth slowed down slightly, but not significantly,
and the dry weight decreased by only 3.7 %. There-
fore, ultrasonic treatment did not significantly affect
the mycelium growth. Imidazole is known to inhibit
the lycopene cyclase activity and thus to increase the
lycopene production in vivo (Lépez-Nieto et al., 2004).
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Wang et al. (2003) and Kwiatkowska et al. (2011) sug-
gested that low-intensity ultrasound can sharply in-
crease the intracellular Ca?" content and promote the
cell membrane permeability in Saccharomyces cere-
visiae. The imidazole content reached maxima of
(2.56 £0.16) mg/g dry weight after 48 h without and
of (4.51+£0.36) mg/g dry weight after 24 h with ul-
trasonic stimulation, respectively. The uptake rate of
imidazole into cells was increased by about 2.5-fold
by ultrasonic stimulation (Fig. 3E), suggesting a con-
comitant increase in the inhibitory effect on lycopene
cyclase. Lycopene yield reached (82 +1.9) mg/L with
ultrasonic stimulation and (53.8 +1.1) mg/L without.
Thus, lycopene yield was enhanced by nearly 52.7 %
above the control after 72 h (Fig. 3F).

Effect of ultrasonic stimulation on mycelium
morphology

The effect of ultrasonic treatment on the mycelium
morphology is shown in Fig.4. Mycelial aggre-
gates were assigned to one of three morpholog-
ical classes — class 1, < 100,000 umz; class 2,
100,000—200,000 um?; class 3, > 200,000 um? — on
the basis of their projected area (Fig. 4A). As shown
in Fig. 4B, on the 6th day of fermentation, when 8-
carotene concentration reached its maximum, ultrason-
ication caused a decrease in the percentage of class 3
aggregates from about 60% to about 15 %, while that
of class 2 aggregates increased from about 25% to
about 55 %. Thus, the mycelium morphology changed
from aggregates with a large projected area to aggre-
gates with a smaller projected area, and the dispersion
of the mycelium in the culture increased significantly
by ultrasonic treatment. Nanou et al. (2007) reported
that such morphological change in filamentous fungi
is correlated with high oxidative stress, and further-
more, that this oxidative stress in realty stimulated the
carotenoid production in B. trispora. Poor cell growth
and low B-carotene production could be attributed to
mass transfer limitation (Jeong et al., 2001; Choudhari
et al., 2008). The enhanced mycelium dispersion in-
creased the contact area, facilitating the exchange of
nutrients and metabolites between the environment and
the cells. This phenomenon reduced the mass trans-
fer limitation and simultaneously enhanced the oxy-
gen uptake rate, which improved the peroxide level of
mycelia in submerged fermentation. These results ex-
plain the improvement in 3-carotene and lycopene pro-
duction as a result of increased mycelium dispersion.
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Fig. 4. Effect of ultrasonic treatment on the aggregation state of mycelia on the 6th day of fermentation: (A) different classes of
aggregate sizes on the basis of their projected area; (B) percentage of aggregate classes in cultures with and without ultrasonic

treatment.

The effect of ultrasound on the fermentation process
is very complex. Ultrasound does not appear to affect
a single factor which can be linked to the stimulation
of a bioprocess (Kwiatkowska et al., 2011). Generally,
our study has demonstrated that ultrasound stimulates
the glucose metabolism, decreases the mycelium ag-
gregation, and improves the uptake of imidazole into
cells. These changes could collectively be conducive to
increasing B-carotene and lycopene production. Thus,
the stimulation of the glucose metabolism, the de-
crease in mycelium aggregation, and improvement of
the uptake of imidazole into cells are likely to syn-
ergistically enhance the accumulation of S-carotene
and lycopene in B. trispora. Supporting evidence in-
cludes the following observations. The mycelium mor-
phology changed from larger to smaller aggregates,
and thus the dispersion of the mycelium in the cul-
ture increased significantly by ultrasonic treatment
(Fig. 4). The enhancement of mycelium dispersion im-
proved the contact area between oxygen, nutrients,
and the cells, which may increase the respiration
of the fungus. Therefore, the increase in mycelium
dispersivity could stimulate the aerobic metabolism
of glucose and thus provide more precursor (acetyl-
coenzyme A) and reducing equivalents for the biosyn-
thesis of B-carotene and lycopene (Filotheou et al.,

Choudhari S. and Singhal R. (2008), Media optimization for
the production of S-carotene by Blakeslea trispora: A sta-
tistical approach. Bioresour. Technol. 99, 722 —730.

Choudhari S. M., Ananthanarayan L., and Singhal R. S.
(2008), Use of metabolic stimulators and inhibitors for
enhanced production of B-carotene and lycopene by

2012). The production of B-carotene thus increased
by 40.7 % compared with the control (Fig. 3C). Given
the change in the imidazole uptake by ultrasonic treat-
ment, the intracellular imidazole content increased by
nearly 75 % thus increasing the inhibitory effect on ly-
copene cyclase (Fig. 3E). The production of lycopene
thus increased by 52.7% compared with the control
(Fig. 3F).

Employing ultrasound in the commercial production
of B-carotene and lycopene appears feasible. In pilot
experiments (unpublished), an independent ultrasonic
device was installed outside a 50-L fermentation tank,
which could be connected to an ultrasonic device by
a circulation pump. Medium containing mycelium was
intermittently pumped into the device for ultrasonic
treatment, and then returned to the tank for continued
fermentation. This method could therefore be used for
the large-scale production of B-carotene and lycopene
by B. trispora with ultrasonic treatment.
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