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Abstract The dissolved oxygen tension of 20% of air

saturation, pH-shift from 4.0 to 5.5 on day 3, and a mod-

erate shear stress (calculated as an impeller tip speed,

Vtip ¼ 0:926� 2:161 m=s) were identified to be the key

factors in scaling-up the mated fermentation of Blakeslea

trispora NRRL 2895 (?) and 2896 (-) for lycopene

production from a shake flask to a stirred-tank fermenter.

The maximal lycopene production of 183.3 mg/L was

obtained in 7.5-L stirred-tank fermenter, and then the

mated fermentation process was successfully step-wise

scaled-up from 7.5- to 200-L stirred-tank fermenter. The

comparability of the fermentation process was well con-

trolled and the lycopene production was maintained during

the process scale-up. Furthermore, with the integrated

addition of 150 lmol/L abscisic acid on day 3, 0.5 g/L

leucine and 0.1 g/L penicillin on day 4, the highest lyco-

pene production of 270.3 mg/L was achieved in the mated

fermentation of B. trispora in stirred-tank fermenter.

Keywords Lycopene � Synthetic medium � Blakeslea

trispora � Scale-up � Stirred-tank fermenter

Introduction

Constituted by 11 conjugated and 2 unconjugated double

bonds, lycopene is a highly unsaturated open straight chain

hydrocarbon. Lycopene has many important physiologic

functions, such as preventing cancer [1–3], cardiovascular

diseases [4, 5], osteoporosis [6], and strengthening immu-

nity [7]. The production method of lycopene includes plant

extraction, chemical synthesis, and microbial fermentation.

Plant extraction does not satisfy the market need because of

its low content in the plants. Chemical synthesis has many

disadvantages, such as low yield, instability of product

quality and high cost. Because of the decrease in the

natural production of lycopene combined with the increase

in worldwide demand, a new way to produce lycopene on a

large scale is urgently needed and the submerged fermen-

tation is viewed to be a potential solution to produce

lycopene [8]. Blakeslea trispora [9], Streptomyces chres-

tomyceticus [10], Candida utilis [11], Phycomyces

blakesleeanus [12], engineered Flavobacterium sp. [13],

and engineered Escherichia coli [14] have been reported as

lycopene-producing microorganisms.

B. trispora is an industrial microorganism for the pro-

duction of b-carotene by microbial fermentation. Because

lycopene is one of the intermediate metabolites in the

pathway of mevalonic acid and it can be transformed into

b-carotene by lycopene cyclase. So, to enhance lycopene

accumulation, the activity of lycopene cyclase should be

inhibited by adding the inhibitors of lycopene cyclase (e.g.,

piperidine and creatinine) into the fermentation medium

[15, 16].

It should be noteworthy that a surprising inoculation

method for the mated fermentation of B. trispora (?) and

(-) strain in most of the present reports was inoculated

directly from the spores of slant or Petri dish to
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fermentation medium without the first-stage and the sec-

ond-stage liquid seed preculture process [17–19]. However,

this inoculation method discourages industrial fermentation

process, because it is difficult to prepare a large amount of

spores for the mated fermentation process on a large scale.

A process of Petri dishes preculture combining the first-

stage and the second-stage liquid seed preculture was

developed in our lab, and the ratio of (?)/(-) strain, the

lycopene cyclase inhibitor, the trisporic acid analog, the

HMG-CoA precursor and the mevalonate kinase promoter

were identified to the key factors for the lycopene bio-

synthesis in a shake flask [20].

To date, the bioprocess of lycopene production at the

scale of stirred-tank fermenter is rather limited and non-

systematic, especially when compared with the b-carotene

fermentation process by B. trispora. There were only a few

reports about the batch fermentation of B. trispora for

lycopene production in stirred-tank fermenter. A semi-

industrial process (i.e., 800-L) for lycopene production by

the mated fermentation of B. trispora F-816 (?) and F-744

(-) strains were reported, but the lycopene production was

not shown [21].

Based on the above analysis, scale-up study on the

mated fermentation of B. trispora NRRL 2895 (?) and

2896 (-) for the production of lycopene in the stirred-tank

fermenter was done in this work. Firstly, the effects of

DOT, pH and shear stress on the lycopene production by

B. trispora in 7.5-L stirred-tank fermenter were investi-

gated. Then, an integrated scale-up criterion by combining

the best control strategy of DOT, pH-shift and shear stress

was developed and its effectiveness was demonstrated by

comparing the performances of B. trispora growth and

metabolites biosynthesis (i.e., lycopene accumulation).

Finally, the mated fermentation process of B. trispora was

successfully scaled-up from shake flask to stirred-tank

fermenter.

Materials and methods

Maintenance and preculture of B. trispora

The compatible mating strains of B. trispora NRRL 2895

(?) and 2896 (-) were kindly provided by Professor Guo-

Lin Zou from Wuhan University (Wuhan, China). The

cultures were maintained on potato-agar-dextrose slants.

The slants were inoculated with mycelia/spores and incu-

bated at 25 �C for 7 days, then stored at 4 �C for about

30 days.

Before the mated fermentation of B. trispora NRRL

2895 (?) and 2896 (-), the two stains were separately

precultured by Petri dishes preculture, the first-stage seed

preculture and the second-stage seed preculture. For Petri

dishes preculture, the strain precultured on yeast phosphate

soluble starch (YpSS) agar medium at 25 �C for 3 days in

standard Petri dishes (diameter 9 cm). YpSS medium

consisted of the following components (g/L): yeast extract,

4; K2HPO4, 1; MgSO4�7H2O, 0.5; starch, 15; agar, 20 (in

this work, the chemical reagents were all purchase from

China Sinopharm Chemical Reagent Co. Ltd.). For the

first-stage seed preculture, the medium consisted of the

following components (g/L): corn starch, 20; soybean flour,

20; corn flour, 30; corn steep liquor, 20; KH2PO4, 5;

MnSO4, 0.05; FeSO4�7H2O, 0.09; CuSO4�5H2O, 0.08;

CaC12, 0.05; MgSO4�7H2O, 0.41; and thiamine (VB1),

0.003. The 45-mL medium with nature pH was prepared in

a 250-mL flask, and then 5-mL spores (with ca. 105 spores/

mL) of the strain from Petri dish were inoculated, and

followed by 12 h incubation at 28 �C on a rotary shaker

(120 rpm). For the second-stage seed preculture, the

medium was the same with the first-stage seed preculture.

The 90-mL medium was prepared in a 500-mL flask, and

inoculated with 10-mL first preculture broth, the inocula-

tion density of the second-stage seed preculture was cal-

culated as 300–350 mg dry cell weight (DW)/L, and then

followed by 12 h incubation at 28 �C on a rotary shaker

(120 rpm).

Fermentation process in shake flask

The B. trispora strains NRRL 2895 (?) and 2896 (-) were

cultivated together (hereafter referred to as the mated

culture) in the fermentation medium (with an initial pH of

4.0), which contained 59.4 g/L of glucose, 2.12 g/L of

L-asparagine, 1.42 g/L of yeast extract, 1.26 g/L of

KH2PO4, 0.4 g/L of MgSO4�7H2O, 1.0 g/L of vitamin A

acetate, and 2.0 g/L of span 20. The fermentation was

carried out in 250-mL shake flask with 45-mL medium and

inoculated 5-mL second preculture broth, which included

each mating type at the (?)/(-) strain ratio of 5:1 (v/v).

The inoculation density of the mated fermentation was

calculated as 300–350 mg dry cell weight (DW)/L, and

then followed by 8 days incubation at 28 �C on a rotary

shaker at 120 rpm. To accumulate lycopene, lycopene

cyclase inhibitor (i.e., 2.0 g/L piperidine) was introduced

to inhibit the transformation of lycopene into b-carotene by

lycopene cyclase as described by Wang et al. [20].

Fermentation process in 7.5-, 20- and 200-L

stirred-tank fermenter

The details about 7.5-, 20- and 200-L stirred-tank fer-

menter has been previously described [22, 23]. The slant

culture, the first-stage and the second-stage seed preculture,

the (?)/(-) strain ratio and the inoculation size, the fer-

mentation medium and the culture temperature in 7.5- and
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20-L stirred-tank fermenter were the same with those in the

shake flask. For the fermentation in 200-L stirred-tank

fermenter, the second-stage seed preculture of B. trispora

NRRL 2895 (?) was conducted in 20-L stirred-tank fer-

menter. It was performed for 12 h at 28 �C with an agita-

tion rate of 188 rpm. DOT level was controlled at 20% of

air saturation by adjusting aeration rate (0–1.0 vvm) and

vessel pressure (0–0.1 MPa). The second-stage seed pre-

culture of B. trispora NRRL 2896 (-) and the other culture

conditions in 200-L stirred-tank fermenter was the same

with those in 7.5- and 20-L stirred-tank fermenter. Four

cultures in 7.5-L and the process scaled-up were carried out

with homogeneous cell source under well-controlled pro-

cess conditions. The results presented were confirmed to be

reproducible in another experiment (data not shown).

Effect of DOT

To enhance lycopene production, the significance of DOT

on the B. trispora growth and lycopene accumulation was

studied by setting DOT at 10, 20, 35 and 50% of air

saturation and controlled by adjusting agitation speed,

aeration rate and mixing with N2 and O2 in the inlet air,

while time profiles of agitation speed (100–700 rpm) and

culture pH (4.00 ± 0.01) were the same throughout the

fermentation process in order to diminish the impact of

shear stress and culture pH.

Effect of culture pH

The significance of culture pH on lycopene accumulation

was studied. Firstly, the significance of initial culture pH,

i.e., 4.0, 5.0, 6.0 and 7.0, was studied in shake flask. Sec-

ondly, based on the impact of initial culture pH, a pH-shift

culture was developed by combining a 3-day culture at a

culture pH of 4.0 (i.e., the first-stage) with the following

culture at a culture pH of 5.0, 5.5 and 6.0 (i.e., the second-

stage). The control experiment was conducted at an initial

culture pH of 4.0 and then without pH control. From the

viewpoint of lycopene accumulation, the above results

indicated that the optimal DOT was 20% of air saturation,

which was selected in the following experiment. To

diminish the impact of shear stress and mixing, time profiles

of agitation rate were the same during the fermentation.

Effect of shear stress

Based on the optimal results above, to investigate the

significance of shear stress on the mated fermentation

process of B. trispora, an agitation speed control strategy

was developed under sufficient mixing without intro-

ducing too much agitation and aeration-related damage to

B. trispora cells. Here, the agitation speed was converted to

an impeller tip speed (i.e., Vtip, m/s) which was expressed

as the following equation:

Vtip ¼
pND

60

where, p ¼ 3:142, N = agitation speed (rpm), D = impeller

diameter (m). Here, for 7.5-, 20- and 200-L stirred-tank

fermenter used in this work, the impeller diameter (D) was

5.9, 9.4 and 18 cm, respectively. For example, for 7.5-L

stirred-tank fermenter, agitation speed was increased

step-wise from 100 to 700 rpm (i.e., Vtip from 0.309 to

2.161 m/s) during the first 4.5 days (hereafter the agitation

control strategy was referred to as strategy I). Based on the

strategy I, the other three agitation speed control strategy

was developed by increasing 200, 300 and 400 rpm agi-

tation speed to 700 rpm on day 4.0, 3.5 and 3.0, and the

corresponding Vtip was calculated to be 0.618 to 2.161,

0.926 to 2.161, and 1.235 to 2.161 m/s, respectively. After

day 6, the agitation speeds were all decreased from 700

to 600 rpm, then was maintained until the end of the

fermentation. During the mated fermentation process, a

weak mixing situation (e.g., cell sedimentation) was

observed with eye when the initial Vtip was lower than

0.309 m/s, so the minimal Vtip of 0.309 m/s was selected

for this experiment.

Scale-up fermentation

Based on the information obtained above, DOT (20% of air

saturation), pH-shift (shift from 4.0 to 5.5 after the culture

of day 3), a moderate shear stress (Vtip from 0.926 to

2.161 m/s before the culture of day 3.5) were identified to

be key factors during the mated fermentation of B. trispora

in 7.5-L stirred-tank fermenter. Despite the stirred-tank

fermenter scale, the other operational parameters (e.g.,

DOT, pH and Vtip) were maintained constant during scale-

up. In 20- and 200-L stirred-tank fermenter, DOT level was

adjusting by aeration rate (0.1–0.7 vvm) and vessel pres-

sure (0.01–0.10 MPa), and pH was controlled by 5 M

NaOH and 10% (v/v) H2SO4.

The lycopene cyclase inhibitor of piperidine (i.e., 2.0 g/L)

was added on day 2 during the experiments above. How-

ever, based on the current legislative demands on food

safety precautions and considering the toxicity of piperi-

dine, a food grade with lower toxicity of creatinine (i.e.,

6 g/L) was added as lycopene cyclase inhibitor after the

culture of day 3 during the scale-up study. In addition, our

previous study showed that the rate of inhibition lycopene

transformed into b-carotene by adding 2.0 g/L piperidine

on day 2 or 6 g/L creatinine on day 3 was quite similarly

[20].
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In addition, based on our previous work in shake flask,

the trisporic acid analog (e.g., 150 lmol/L abscisic acid

added on day 3), the HMG-CoA precursor (e.g., 0.5 g/L

leucine added on day 4) and the mevalonate kinase pro-

moter (e.g., 0.1 g/L penicillin added on day 4) were sup-

plied during the scale-up fermentation [20].

Determination of dry biomass, b-carotene and lycopene

content

The cell mass was filtered through muslin, washed thor-

oughly with distilled water, and dried in the vacuum freeze

dryer at -75 �C under 45 Pa for 48 h. The dried cells were

weighed to determine biomass.

The freeze-dried samples were pulverized and 40.0 mg

sample powder was accurately weighed, and then extracted

with 6 mL acetone by the ultrasonic cell disruption appa-

ratus (J92-II, Ningbo Scientz Biotechnology Instrument,

China) for 180 s (400 W power, 2 s ultrasound pulse, 3 s

break, and 90 repetitions). The supernatant was filtrated

through a 0.45 lm filter, and 20.0 lL was directly injected

into the LC-UV for analysis.

The analysis of b-carotene and lycopene was preformed

on the Waters 600E system (Waters, USA), equipped with

an on-line degasser, a Waters 2487 UV detector. The

column used for separation was Phenomsil C18 (250 9

4.6 mm i.d., 5 lm) fitted with a C18 guard column

(Phenomsil, Tianjing, China). The optimized mobile phase

was consisted of methanol (A), acetonitrile (B) and water

(C), and the separation was carried on by the isocratic

elution (A:B:C = 50:50:3, v/v). The column oven tem-

perature was maintained at 40 �C and the flow rate was

1.0 mL min-1. The detection wave was fixed at 470 nm.

Quantitative analysis was performed by the method

described by Xu et al. [24]. The b-carotene and lycopene

content was calculated by the Eqs. 3 and 4, respectively:

Ci ¼
Ai � Cs

3:60� As

ð3Þ

Cj ¼
Aj � Cs

3:08� As

ð4Þ

where Ci and Cj is the b-carotene and lycopene content of

sample, respectively; Ai and Aj is peak area of b-carotene

and lycopene, respectively; Cs is the concentration of

Sudan I; As is the peak area of Sudan I.

Image analysis

Samples for image analysis were prepared by adding 1 mL

of fermentation broth to 20% (w/v) sucrose solution to

dilute the sample to a final dry weight of about 0.2 g/L, to

prevent artefacts from cell overlap [25]. Amounts of 10 lL

of the diluted sample (100 amounts per sample in three

replications) were placed on microscope slides and

observed immediately. Image capture was carried out via

CCD video camera mounted on an Olympus Research

Stereo Microscope (SZX16) and digitized by a frame

grabber card installed on a PC. Image analysis was per-

formed with Image-Pro Plus 6.0 (Media Cybernetics, Inc.).

The image analysis process included capture, enhance-

ment, segmentation, object detection, measuring and

analysis as described by Paul and Thomas [26] and Tucker

et al. [27]. Clumps and freely dispersed mycelia (all ele-

ments) were measured together using projected area. The

dispersed morphology consists of freely dispersed hyphae

and clumps (aggregates) of different sizes on the basis of

their projected area. The mean projected area of each class

was the average of the experimentally obtained data. For

clump morphology, perimeter was measured and com-

bined with projected area to determine roughness, which

describes the ruggedness of clump boundaries and is

inversely related to circularity [27]. Means were calculated

using a minimum of 250 mycelia (freely dispersed and

clumps) for the projected area and 150 (clumps) for the

roughness. The standard errors for the means were up to

11% for the projected area and up to 3% for the roughness.

Results and discussion

Effect of DOT

López-Nieto et al. [21] demonstrated that lycopene bio-

synthesis was significantly affected by air flow rate, and an

enrichment of oxygen concentration (up to 25%) in the air

stream increased the accumulation of lycopene, and the

authors indicated high dissolved oxygen showed a positive

effect on lycopene production. However, the DOT level

and lycopene production was not mentioned in this report.

Thus, the significance of DOT on the cell growth and

lycopene accumulation should be studied. In this study, the

DOT level was controlled at 10, 20, 35 and 50% of air

saturation by adjusting agitation speed, aeration rate and

mixing with N2 and O2 in the inlet air.

Figure 1a clearly shows that DOT significantly affected

the cell growth of B. trispora. The maximal cell density of

16.74, 18.04, 19.23 and 20.07 g/L was obtained after the

culture of day 5, 5, 4 and 3 when the DOT was controlled at

10, 20, 35 and 50%, respectively. The cell growth was

almost inhibited during the first 2 days of fermentation

when DOT was controlled at 10% of air saturation, while

the cell grew more quickly when DOT was increased from

20 to 50% of air saturation. The results indicated that a

higher DOT level (i.e., 50%) was favorable to the cell

growth.
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The contents of lycopene, b-carotene, c-carotene, and

phytoene had been detected. However, both the peak areas

of c-carotene and phytoene were too low to quantification.

Therefore, the c-carotene and phytoene were not consid-

ered to be the main by-products. Only the productions of

lycopene and b-carotene were calculated. Figure 1b clearly

shows that the specific lycopene biosynthesis (i.e., lyco-

pene content) was significantly affected by DOT. The

maximal lycopene content of 0.04, 0.29, 0.27 and 0.23 mg/

100 mg DW was all obtained on day 7 when the DOT was

controlled at 10, 20, 35 and 50% of air saturation,

respectively. While, lycopene accumulation was signifi-

cantly inhibited at 10% of air saturation during the fer-

mentation process, and its maximal content was only

0.04 mg/100 mg DW, which was lower 4.75–6.25 times

than that of obtained at 20–50% of air saturation. Figure 1c

illustrates that lycopene production pattern was quite

similar with that of lycopene content. The lycopene pro-

duction was obviously inhibited when the DOT was con-

trolled at 10% of air saturation, and its maximal lycopene

production was only 7.0 mg/L. While, the lycopene pro-

duction increased with an increase of DOT level, and the

highest lycopene production of 49.4, 42.6 and 40.4 mg/L

was all obtained on day 7 when the DOT was controlled at

20, 35 and 50% of air saturation, respectively. The results

indicated that 20% of air saturation was favorable for the

lycopene biosynthesis. To accumulate lycopene, 2.0 g/L

piperidine was introduced as lycopene cyclase inhibitor to

inhibit the transformation of lycopene into b-carotene by

lycopene cyclase on day 3. In the all cases, the content of

b-carotene was drastically decreased from day 3, and the

highest content and its production were all lower than

0.1 mg/100 mg DW and 15.4 mg/L, respectively.

To conclude, the highest lycopene production (i.e.,

49.4 mg/L) was obtained on day 7 when the DOT was

controlled at 20% of air saturation, which was increased by

605% and 22.3% compared with that obtained at 10 and

50% of air saturation, respectively. Thus, 20% of air

saturation was selected in the following experiments.

Effect of culture pH

Effect of initial culture pH in shake flask

Time profile of culture pH in the fermentation of B. tris-

pora under various initial culture pH values was shown in

Fig. 2a. In all cases, culture pH showed a bit decrease

during the first day of fermentation. After that, at an initial

pH of 7.0, culture pH remained relatively around 6.5 until

the end of the fermentation. While at an initial pH of 4.0,

5.0 and 6.0, after a bit decrease during the first day, culture

pH remained almost for 2 or 3 days and then quickly

increased until the end of the fermentation.

As shown in Fig. 2b, the maximum dry cell weight of

16.67 ± 0.63, 17.00 ± 0.34 and 16.59 ± 0.15 g/L was

obtained on day 4, 3 and 4 at an initial pH of 5.0, 6.0 and

Fig. 1 Time courses of biomass (a), lycopene content (b) and

production (c) under various DOTs in 7.5-L stirred-tank fermenter.

Symbols for DOT: 10% (filled triangles), 20% (open triangles), 35%

(filled circles), and 50% of air saturation (open circles)
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7.0, respectively. These results indicated that an initial pH

of 5.0, 6.0 and 7.0 did not significantly affect the cell

growth. While, a lower cell density of 14.36 ± 0.09 g/L

was obtained on day 4 at an initial pH of 4.0, which

indicated that an initial pH of 4.0 was not favorable to the

cell growth.

Figure 2c and d show a similar pattern between lyco-

pene content and lycopene production. The maximal

lycopene content of 0.85 ± 0.13 mg/100 mg DW and

lycopene production of 106.7 ± 16.7 mg/L were both

attained on day 6 at an initial pH of 4.0. However, lycopene

accumulation was obviously inhibited at the initial pH of

5.0, 6.0 and 7.0 during the whole mated fermentation

process. As indicated in the kinetics of B. trispora cell

growth (Fig. 2a) and lycopene biosynthesis (Fig. 2c), an

initial pH of 4.0 was not favorable to the cell growth, but

for lycopene accumulation, which indicated that the opti-

mal culture pH for B. trispora cell growth was different

from that for lycopene biosynthesis. In addition, the highest

b-carotene content (0.16 ± 0.0 mg/100 mg DW) and

production (21.9 ± 6.3 mg/L) were also obtained under

the initial pH of 4.0. In the mated cultivation of B. trispora

F-816 (?) and F-744 (-), López-Nieto et al. [21] reported

the pH was adjusted to 7.5 before sterilization and without

pH control was best for lycopene production in 800-L

stirred-tank fermenter, while the lycopene production was

not shown. Choudhari and Singhal [17] demonstrated that a

higher yield of b-carotene (i.e., 99 ± 1 mg/L) by the mated

fermentation of B. trispora NRRL 2895 (?) and 2896 (-)

was obtained at an initial pH of 6.0–7.0 in shake flask.

To conclude, the highest lycopene production of

106.7 ± 16.7 mg/L was attained on day 6 at an initial pH

of 4.0, which was 1.1–2.0 times higher than that obtained at

an initial pH of 5.0, 6.0, and 7.0.

Effect of pH-shift

As shown in Fig. 2a, the time profiles of culture pH at the

initial pH of 4.0 and 5.0 were quite similar after the culture

of day 5. While the maximal lycopene content and

Fig. 2 Time courses of culture pH (a), biomass (b), lycopene content

(c) and production (d) under various initial pH values during the

mated fermentation of B. trispora in shake flasks. Symbols for initial

culture pH: 4.0 (filled triangles), 5.0 (open triangles), 6.0 (filled
circles), and 7.0 (open circles)
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production were obtained at an initial pH of 4.0 on day 6

(Fig. 2c, d), which was 150% and 110% higher than those

obtained at an initial pH of 5.0, respectively. This sug-

gested that the time course of pH at an initial pH of 4.0

might play an important role on the lycopene biosynthesis.

Obviously, at an initial pH of 4.0, after a little decrease in

the first day, the pH value remained relatively constant

around 4.0 from day 2 to day 4, then the pH values quickly

increased from 4.1 on day 4 to 6.2 on day 8. Based on this

information, a pH-shift culture was proposed: culture pH

was controlled at 4.0 during the first-stage culture and then

shifted to a higher pH value (i.e., 5.0, 5.5, and 6.0) in the

second-stage culture. Besides, at an initial pH of 4.0, a

quickly increase of lycopene content from 0.30 ± 0.07 to

0.81 ± 0.12 mg/100 mg DW was observed from day 4 to

day 5, then continuous slight increase to its peak value of

0.85 ± 0.13 mg/100 mg DW on day 6 (Fig. 2c). There-

fore, it was supposed that pH should be shifted not later

than day 4.

Based on the above analysis, the first 3 days culture at

the pH of 4.0 (i.e., the first-stage) was shifted to the second-

stage culture in which pH was controlled at 5.0, 5.5 and

6.0. As shown in Fig. 3a, the cell growth was remarkably

affected by the second-stage culture pH. The maximal cell

density was 14.30, 16.69 and 17.49 g/L as obtained all on

day 5 at the second-stage culture pH of 5.0, 5.5 and 6.0,

which was 1.7, 24.4 and 18.7% higher than the control,

which was run at an initial pH of 4.0 and without pH

control, respectively.

Time profiles of lycopene content and production under

various second-stage culture pH values were compared in

Fig. 3b and c. Not only the highest lycopene content (i.e.,

0.9 mg/100 mg DW), but also the highest lycopene pro-

duction (i.e., 131.8 g/L) were attained when pH was shifted

from 4.0 to 5.5 on day 3. These results demonstrated that a

pH-shift culture by combining the first 3 days at the pH of

4.0 (i.e., the first-stage) with the following the second-stage

culture at the pH of 5.5 was beneficial for the cell growth

and lycopene accumulation. In addition, the maximal

b-carotene content (0.3 mg/100 mg DW) and production

(37.2 mg/L) were also both obtained when pH was shifted

from 4.0 to 5.5 on day 3.

Based on the above information, the effect of shift time

(i.e., day 2.5, 3, 3.5 and 4) between the first-stage pH of

4.0 and the second-stage pH of 5.5 was investigated. The

highest lycopene production of 136.5 mg/L was observed

at the shift time of day 3, which was increased by 92.8,

22.1 and 57.4% compared with the shift time of day 2.5,

3.5 and 4, respectively (data not shown). Thus, a pH-shift

from 4.0 to 5.5 after the culture of day 3 was beneficial for

the lycopene biosynthesis. In the submerged fermenta-

tion of Ganoderma lucidum, Tang et al. [22] reported a

pH-shift culture strategy for enhancing ganoderic acid

production to 321.6 mg/L by shifting pH from 3.0 to 4.5

on day 4, which was 45% higher than constant pH (i.e.,

3.0) fermentation.

Fig. 3 Time profiles of biomass (a), lycopene content (b) and

production (c) of the pH-shift culture in 7.5-L stirred-tank fermenter

by combining the 3-day culture at pH 4.0 (i.e., the first-stage) with the

second-stage culture at the pH of 5.0 (open triangles), 5.5 (filled
circles), 6.0 (open circles), and the control experiment (filled
triangles) which was run at an initial pH 4.0 and without pH control
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To conclude, a pH-shift culture of B. trispora was

successfully developed to enhance lycopene production.

The highest lycopene production of 136.5 mg/L was

obtained when pH was shifted from 4.0 to 5.5 after the

culture of day 3, which was increased by 35.3 and 176%

compared with the cultures at an initial pH of 4.0 without

pH control (i.e., 100.9 mg/L) and at a constant pH of 4.0

(i.e., 49.4 mg/L), respectively.

Effect of shear stress

To achieve a highly effective process for the production of

lycopene, the significance of shear stress (calculated as

impeller tip speed, Vtip) on the B. trispora fermentation

process was studied by setting an initial Vtip of 0.309,

0.618, 0.926 and 1.235 m/s. As observed, the fermentation

broth mixed well in the stirred-tank fermenter even at a low

shear stress of 0.309 m/s, and there was no apparent cell

sedimentation and no serious cell adhesion at the stirred-

tank fermenter wall in all cases during the fermentation

process.

Figure 4a clearly shows the cell growth of B. trispora at

an initial Vtip of 0.309, 0.618 and 0.926 m/s was quite

similar, and the highest cell density was around

15.67 ± 0.35 g/L. While, at the highest initial Vtip of

1.235 m/s, the cell growth was obviously inhibited from

day 1 to the end of fermentation and the maximal dry cell

density was 11.07 g/L, which was 38–44% lower than the

cultures at an initial Vtip from 0.309 to 0.926 m/s as

investigated. These results demonstrated that a higher

initial shear stress (i.e., Vtip of 1.235 m/s) was unsuitable to

the B. trispora growth.

Dynamic profiles of lycopene content and production

were compared in Fig. 4b and c. The highest lycopene

content (i.e., 1.15 mg/100 mg DW) and production (i.e.,

183.3 mg/L) were obtained at an initial Vtip of 0.926 m/s.

While, lycopene accumulation was significantly inhibited

at an initial Vtip of 0.618 and 1.235 m/s (Fig. 4b, c), and the

maximal cell growth of the latter was 42.7% lower than

that of former (Fig. 4a). In addition, the maximal b-caro-

tene content (0.3 mg/100 mg DW) and production

(32.9 mg/L) were also both obtained at an initial Vtip of

0.926 m/s. By dynamic monitoring the morphology, bigger

clumps (i.e., expressed with projected area above

8,000,000 lm2) and a greater percentage of these clumps

(i.e., expressed with frequency, 30.4%) were found at the

initial Vtip of 0.618 m/s compared with the cultures at an

initial Vtip of 0.309, 0.926 and 1.235 m/s (data not shown).

These indicated that these clumps were not favorable to the

lycopene biosynthesis. While, the formation of these

clumps could be inhibited by a suitable shear stress of the

initial Vtip of 0.926 m/s without introducing too much

agitation damage to B. trispora cell, and the frequency of

these clumps was only about 11% at an initial Vtip of

0.926 m/s. This might be the reason for the highest cell

Fig. 4 Effect of impeller tip speed on the cell growth (a), lycopene

content (b) and production (c) during the mated fermentation of B.
trispora in 7.5-L stirred-tank fermenter. Symbols for the impeller tip

speed: 0.309–2.161 m/s (filled triangles), 0.618–2.161 m/s (open
triangles), 0.926–2.161 m/s (filled circles) and 1.235–2.161 m/s

(open circles)
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density and lycopene accumulation were both observed

under the initial Vtip of 0.926 m/s.

López-Nieto et al. [21] demonstrated that shorter hyphae

led a higher lycopene production at a constant speed of

300 rpm during the fermentation process, but lycopene

production and biomass decreased because of a higher

shear stress (i.e., above 300 rpm). In this study, it was

unsuitable to maintain a constant agitation speed during the

fermentation process. Because the hyphae of B. trispora

were easy to aggregate under a constant agitation speed,

which could lead to the big clumps and then the cell was

sedimented and adhered at the stirred-tank fermenter wall.

Therefore, a step-wise increase agitation speed was

developed. In the submerged fermentation of G. lucidum,

Tang et al. [23] also demonstrated an agitation speed

control strategy to investigate the significance of shear

stress by setting a low initial Vtip(i.e., 0.154 m/s) step-wise

increase to a high Vtip(i.e., 1.234, 1.543, 1.853 or 2.161 m/s),

and it was observed that a lower Vtip of 1.234 m/s was the

best for the G. lucidum fermentation.

To conclude, a moderate shear stress, i.e., a Vtip gradient

increases from 0.926 to 2.161 m/s before the culture of day

3.5, was the best for the lycopene production. The highest

lycopene production of 183.3 mg/L was obtained, which

was increased by 34 and 161% compared with that at an

initial Vtip of 0.309 and 0.618 m/s, respectively.

Scale-up fermentation

Based on the above results, DOT, pH-shift and a moderate

shear stress were identified as key factors affecting the cell

growth and lycopene production. An integrated scale-up

criterion by combining the DOT (i.e., 20% of air satura-

tion), pH-shift from 4.0 to 5.5 after the culture of day 3 with

a moderate shear stress (i.e., Vtip ¼ 0:926� 2:161 m=s) was

proposed. Instead of taking a direct scale-up from 7.5- to

200-L, a more conservative approach was taken, in which a

medium-sized step of 20-L was included. At the first step,

the process was scaled-up from 7.5- to 20-L scale, and

followed by further scale-up from 20- to 200-L scale. This

step-wise approach reduces the risks by early diagnosing

problems at a medium scale, and can refine the criterion for

the next step [28]. Here, the cell growth and lycopene

accumulation were compared to evaluate the scale-up cri-

terion for the mated fermentation of B. trispora.

The cell growth and lycopene accumulation at each

scale were quantitatively evaluated by directly comparing

the time profiles of B. trispora growth and lycopene bio-

synthesis (Fig. 5). The maximal cell density was all

attained on day 6 at the scale of 7.5, 20 and 200-L stirred-

tank fermenter. Because of good mixing capacity of stirred-

tank fermenter, apparent cell sedimentation was not

observed during the B. trispora fermentation process.

Figure 5b compared the specific lycopene biosynthesis

(i.e., lycopene content) profiles at different scales of stir-

red-tank fermenter. A similar lycopene content variation at

various scales of stirred-tank fermenter was observed and

Fig. 5 Comparison of the cell growth (a), lycopene content (b) and

production (c) in various scales of stirred-tank fermenter. Symbols for

the scale of stirred-tank fermenter: 7.5-L (filled triangles), 20-L (open
triangles) and 200-L (filled circles)
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the maximal lycopene content was about 1.76 mg/100 mg

DW at all scales. A fluctuation of the maximal total lyco-

pene production at various scales of stirred-tank fermenter

was observed in Fig. 5c, and the maximal lycopene pro-

duction was around 270.3 mg/L at all scales. In addition,

lycopene began to accumulate from day 3 (Fig. 5b, c),

while in Figs. 1b and c, 2c and d, 3b and c, 4b and c,

lycopene began to accumulate from day 2. And the maxi-

mal b-carotene content and production was all around

0.3 mg/100 mg DW and 33 mg/L, respectively.

Overall, the time profiles of B. trispora cell growth,

lycopene accumulation and the corresponding kinetic

parameters were quite similar in the three scales. These

demonstrated that the DOT, pH-shift and a moderate shear

stress were identified to be the key factors in scaling-up

B. trispora fermentation process from 7.5- to 200-L stirred-

tank fermenter for the lycopene production.

Conclusions

The DOT of 20% of air saturation, pH-shift from 4.0 to 5.5

after the culture of day 3 and a moderate shear stress (i.e., a

Vtip gradient increases from 0.926 to 2.161 m/s before the

culture of day 3.5) were identified as the key factors in the

scaling-up B. trispora fermentation process. Based on

the integrated scale-up criterion, the B. trispora fermenta-

tion was successfully scale-up from 7.5- to 200-L stirred-

tank fermenter. This work is very useful to the large-scaled

mated fermentation of B. trispora for lycopene production

toward industrial application. The information obtained

may be also beneficial to the other filamentous fungi

fermentation process.
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