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Abstract—The industrial-scale production of fructo-

oligosaccharides from sucrose requires large 

quantities of the enzyme fructosyltransferase. An 

Aspergillus terreus fructosyltransferase was therefore 

expressed in Kluyveromyces lactis GG799 and secreted 

into the medium. K. lactis was cultivated in shaking 

flasks at 30°C and 250 rpm using either rich or 

chemically defined fermentation media. In order to 

limit the accumulation of unwanted side products that 

tend to form in rich media such as yeast extract 

peptone dextrose, a chemically defined FM22 medium 

was optimized in a two stages, focusing on biomass 

accumulation and enzyme production, respectively. A 

design-of-experiments strategy was used to screen for 

essential vitamins. A two-level fractional factorial 

design revealed that only biotin, nicotinic acid, 

pyridoxine and D-pantothenic acid were necessary for 

biomass accumulation, and an additional D-optimal 

design was used to optimize the concentration of 

inorganic salts (MgSO4, (NH4)2SO4, CaSO4, FeSO4 

and KH2PO4) and the fermentation temperature. For 

enzyme production, the integrated LAC4 promoter 

was induced with galactose, which was provided in 

addition to glucose as the carbon source in the 

adapted FM22 medium.

  

 

Index Terms—fructo-oligosaccharide, FOS, 

fructosyltransferase, Kluyveromyces lactis, FM22, 1-kestose, 

prebiotic 

 

I. INTRODUCTION 

Fructo-oligosaccharides (FOS) are low-calorie 

sweeteners that occur naturally as long-chain 

carbohydrates in plants and as exopolysaccharides in 

microorganisms [1]. FOS cannot be digested by humans, 

but they can stimulate the growth of beneficial gut 

bacteria and thus have a prebiotic effect [2], [3]. FOS can 

be produced industrially by the enzymatic elongation of 
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sucrose or the hydrolysis of polysaccharides such as 

inulin. Hydrolysis is catalyzed by endo-inulinases (EC 

3.2.1.7), whereas the elongation reaction is catalyzed by 

fructosyltransferases (EC 2.4.1.9), such as those found in 

commercial enzyme mixes like Pectinex Ultra SP-L, with 

sucrose acting as both donor and acceptor [4]-[7]. 

Fructose released from the donor sucrose is bound via a 

β(2-1) linkage to the fructose moiety of an acceptor 

sucrose, yielding 1-kestose (GF2). Further 

transfructosylation extends the linear chain of β(2-1)-

linked fructose moieties yielding nystose (GF3) and 1F-

fructofranosylnystose (GF4). In addition to the β(2-1)-

linked FOS type, two related trisaccharides (GF2) can be 

produced by fructosylation: 6-kestose via a β(2-6) linkage 

to the fructose moiety and neokestose via a β(2-6) linkage 

to the glucose moiety of the acceptor sucrose [8], [4], [9]. 

Kluyveromyces lactis has long been used for the 

industrial-scale production of native β-galactosidase, 

which is used to manufacture dairy products for people 

with lactose intolerance. For β-galactosidase production, 

K. lactis is classified “generally recognized as safe” 

(GRAS) by the US Food and Drug Administration (FDA) 

[10]. In a dried and inactivated form, K. lactis is used as a 

protein additive for food and feed [11]. K. lactis was one 

of the first fully sequenced yeasts, and one of the first 

yeasts successfully used for heterologous protein 

expression [12]. K. lactis is therefore used for the 

commercial production of bovine chymosin, which 

coagulates milk in the calf stomach. In the food industry, 

chymosin and prochymosin are used during cheese 

production [13]. An emerging use of K. lactis, due to its 

capacity for post-translational modification [10], is the 

production of complex therapeutic proteins such as 

interleukin 1β, interferon α, lysozyme, serum albumin, 

and preproinsulin [14]-[18].  

In terms of process development, rich complex media 

generally promote better growth and higher productivity 

than chemically defined media due to the presence of 

precursors that are used by the microorganisms in their 

core metabolic processes [19]. However, rich 

fermentation media are more expensive than chemically 
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defined media and the concentrations of various indigents 

are inconsistent [20]. For the manufacture of low-margin 

products such as enzymes in the food industry, low-cost 

substrates are necessary for economic feasibility and 

chemically defined media also increase process 

robustness. Here, we adapted the chemically defined 

medium FM22 to achieve K. lactis cell growth and 

fructosyltransferase yields comparable to those realized 

in a complex medium, namely yeast extract peptone 

dextrose (YPD). 

II. MATERIALS AND METHODS 

A. Strain and Materials 

We used a recently described Kluyveromyces lactis 

GG799 strain from New England Biolabs GmbH 

(Germany) expressing an integrated fructosyltransferase 

gene from Aspergillus terreus NIH2624 and secreting the 

enzyme to the medium [21]. All chemical reagents, if not 

otherwise stated, were purchased from Merck KGaA 

(Germany). Ammonium sulfate, trisodium citrate and 

LC-MS grade triethylamine were purchased from VWR 

International GmbH (Germany). Biotin, galactose, 

tryptone and sucrose were purchased from Carl Roth 

GmbH & Co KG (Germany). We obtained D-pantothenic 

acid, inositol, nicotinic acid, pyridoxine and analytical 

grade glucose, fructose and sucrose for HPLC analysis 

from Sigma-Aldrich (Germany). Iron(II) sulfate and 

4-amino-benzoic acid were purchased from AppliChem 

GmbH (Germany) and cobalt(II)-chloride was purchased 

from Alfa Aesar Haverhill (USA). We purchased a FOS 

standard set comprising 1-kestose, nystose and 

1F-fructofranosylnystose from Wako Pure Chemical 

Industries Ltd (Japan). LC-MS grade acetonitrile was 

purchased from Altmann Analytik GmbH & Co. KG 

(Germany). 

B. Small-Scale Shake Flask Conditions and Media 

Cultures were grown in 500-mL shake flasks with a 

working volume of 50 mL, and were incubated at 250 

rpm in an INFORS HT Multitron (Infors AG, 

Switzerland). FM22 medium [22], [23] was used at 30°C 

and pH 5. If not otherwise stated, the medium comprised 

5 g L-1 (NH4)2SO4, 1 g L-1 CaSO4  H2O, 1.75 g L-1 

K2HPO4, 8.6 g L-1 K2SO4, 20 g L-1 glucose, 10 g L-1 

inositol, 25.7 g L-1 KH2PO4, 16.4 g L-1 MgSO4 H2O, 15.6 

g L-1 Na3C6H5O7, 160 mg L-1 biotin, 410 mg L-1 thiamin, 

410 mg L-1 D-pantothenic acid, 410 mg L-1 nicotinic acid, 

410 mg L-1 pyridoxine, 80 mg L-1 4-aminobenzoic acid, 

410 mg L-1 riboflavin, 2.4 mg L-1 CuSO4, 0.01 mg L-1 

NaI, 3.6 mg L-1 MnSO4  H2O, 0.24 mg L-1 

Na2MoO4 2H2O, 0.02 mg L-1 H3BO3, 1 mg L-1 CoCl2, 14 

mg L-1 ZnCl2 and 26.4 mg L-1 FeSO4. The vitamins and a 

trace elements were prepared as individual filter sterilized 

stock solutions before mixing.  

Stock solutions containing the carbon source, the 

potassium phosphate buffer, and the remaining salts were 

autoclaved at 121°C for 15 min to avoid phosphorus salt 

precipitation and caramelization reactions. Cultures were 

inoculated from frozen glycerol stocks stored at –80°C to 

an optical density of ΔOD600 = 0.2 and were cultivated 

until they reached the stationary phase.  

C. Reactor-Scale Expression Conditions 

Small cultures were transferred to MiniBio 500 

reactors (Applikon Biotechnology, Netherlands) 

containing 300 mL medium, including 30 g L-1 glucose 

and 7.5 g L-1 galactose as carbon sources. For production 

of the recombinant fructosyltransferase, the integrated 

LAC4 promoter was induced with galactose. The K. lactis 

dry cell weight and protein yields were compared in the 

adapted FM22 medium and YPD medium at pH 5 and 6 

in duplicate fermentations. The pH was regulated using a 

PID controller by adding 25% concentrated ammonia 

hydroxide as a base when necessary. The reactor vessel 

was aerated at 1 vvm and with 0–0.27 vvm oxygen to 

maintain the dissolved oxygen (DO) saturation above 

50%. We used 42 µL J673A solution as an anti-foaming 

agent (Schill + Seilacher “Struktol” GmbH, Germany). 

The YPD medium contained 20 g L-1 peptone ex casein 

and 10 g L-1 yeast extract in addition to the carbon source. 

D. Cell Dry Weight 

The empty weight of a 2-mL tube was measured on a 

precision balance after drying the tube for at least 24 h at 

70°C. We then added 2 mL fermentation broth, 

centrifuged for 3 min (4°C, 16,100 x g), and the 

supernatant was removed. In addition, to remove 

disruptive medium components, the pellet was dissolved 

in physiological sodium chloride solution and treated as 

described above. This washing step was repeated. The 

open tube containing the biomass was then incubated in 

the drying oven for 24h at 70°C, cooled to room 

temperature in a desiccator and then re-weighed on the 

precision balance. The difference between the final 

weight and the initial weight of the empty tube was 

reported as the cell dry weight. 

E. HPLC Analytics and Enzyme Assay 

Samples were analyzed on a Dionex UltiMate 3000 

HPLC system coupled with a Corona Veo Charged 

Aerosol Detector (Thermo Fisher Scientific, USA). 

Samples were fractionated in an XBridge Amide, 3.5 μm, 

4.6 x 150 mm column (Waters GmbH, Germany). The 

mobile phase was 70:30 (v/v) acetonitrile/water. The 

water fraction was supplemented with 0.2% (v/v) 

trimethylamine before analysis. 

To determine the enzyme activity, 100 µL cell-free 

fermentation broth was incubated with 900 µL substrate 

solution at 60°C for 20 min, agitated at 1000 rpm in a 

Thermomixer Comfort (Eppendorf AG, Germany). The 

substrate solution consisted of 600 g L-1 sucrose in 

50 mM potassium phosphate (pH 6). After incubation, the 

reaction was interrupted by heating the sample to 95°C 

for 20 min. The samples were diluted 1:50 with 50:50 

(v/v) acetonitrile/water and clarified by passing through a 

0.45-µm nylon membrane filter. Enzyme activity was 

determined by measuring the amount of released glucose 

minus the amount of free fructose [24]. 
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F. Design of Experiments  

Design Expert v10 (Stat-Ease, USA) was used to 

identify the essential vitamins and to adjust the salt 

concentrations and temperature. The concentration of the 

vitamins was varied as follows, defining the –1/1 values: 

biotin (A), 0.0-0.41 g L-1; thiamin (B), 0.0-0.41 g L-1; 

inositol (C), 0.0–25.0 g L-1; D-pantothenic acid (D), 0.0-

0.41 g L-1; nicotinic acid (E), 0.0-0.41 g L-1; pyridoxine 

(F), 0.0-0.41 g L-1; 4-aminobenzoic acid (G), 0.0-0.08 g 

L-1; riboflavin (H), 0.0-0.41 g L-1. Optimized salt 

concentrations and the fermentation temperature were 

determined using a D-optimal design with the following–

1/1 values:  KH2PO4 (A), 1.0-18.9 g L-1; MgSO4∙H2O (B), 

0.85-16.4 g L-1; (NH4)2SO4 (C), 0.5-10.0 g L-1; 

CaSO4∙H2O (D), 0.004-1.007 g L-1; FeSO4 (E). 0.002-

0.19 g L-1; and the temperature (F) 20-30°C. 

G. Polyacrylamide Gel Electrophoresis (SDS PAGE) 

Protein samples from aliquots of cell-free fermentation 

broth from the shake flask and reactor scale cultures were 

analyzed by SDS-PAGE using Criterion TGX Stain-Free 

Protein 4-20% Gels from Bio-Rad (Germany). For each 

sample, 31 µL of the protein solution was incubated with 

11.7 µL of  4x Laemmli Sample Buffer (Bio-Rad) and 1.3 

µL 2-mercaptoethanol (Bio-Rad) at 95°C for 5 min. We 

used 5 µL Precision Plus Protein Unstained Protein 

Standards (Bio-Rad) as size markers. The gel were run 

for 25 min at 250 V, then activated with the Chemidoc 

MP Imaging System (Bio-Rad). 

III. RESULTS AND DISCUSSION 

A. Vitamin Screening 

A two-level fractional factorial design was used to 

determine which vitamins are essential for the growth of 

K. lactis. The responses in terms of cell dry weight are 

summarized in Table I. 

TABLE I.  VITAMIN SCREENING 

 Factors Response 

Run A B C D E F G H 
CDW 

(g L-1) 

1 1 –1 1 1 –1 –1 1 –1 0.30±0.04 

2 –1 –1 1 1 1 –1 –1 1 0.08±0.01 

3 1 –1 1 –1 –1 1 –1 1 0.07±0.01 

4 –1 –1 –1 –1 –1 –1 –1 –1 0.07±0.01 

5 0 0 0 0 0 0 0 0 4.52±0.08 

6 1 1 1 –1 1 –1 –1 –1 0.34±0.01 

7 –1 1 1 1 –1 1 –1 –1 0.06±0.00 

8 –1 1 1 –1 –1 –1 1 1 0.04±0.00 

9 1 1 1 1 1 1 1 1 4.20±0.18 

10 –1 –1 1 –1 1 1 1 –1 0.23±0.01 

11 –1 1 –1 –1 1 1 –1 1 0.25±0.04 

12 1 –1 –1 –1 1 –1 1 1 0.24±0.05 

13 1 1 –1 –1 –1 1 1 –1 0.04±0.00 

14 –1 –1 –1 1 –1 1 1 1 0.07±0.01 

15 0 0 0 0 0 0 0 0 4.93±0.13 

16 0 0 0 0 0 0 0 0 5.30±0.01 

17 –1 1 –1 1 1 –1 1 –1 0.75±0.07 

18 1 1 –1 1 –1 –1 –1 1 0.07±0.01 

19 1 –1 –1 1 1 1 –1 –1 5.08±0.07 

Concentration in coded format for the factors: A = biotin; B = thiamin;  

C = inositol; D = D-pantothenic acid; E = nicotinic acid; F = pyridoxine; 

G = 4-aminobenzoic acid, and H = riboflavin. CDW = cell dry weight. 

These results show which vitamins must be added to 

the medium because they cannot be synthesized by the 

cells. Table I shows that despite the three centerpoints 

(Runs 5, 15 and 16) and the high concentrations of all 

vitamins (Run 9), only Run 19 achieved a cell dry weight 

(5.08 g L-1) comparable to the nonadapted FM22 medium 

(4.40 g L-1).  

 

Figure 1.  Pareto chart of the two-level fractional factorial vitamin 

screening. The chart shows effects above the Bonferroni limit indicating 

factors with a significant impact on K. lactis growth in the model [25]. 

Orange bars define positive effects and blue bars define negative effects. 

DE, AE, AD and AF indicate two-factor interactions. 

The vitamins necessary for the growth of K. lactis are 

biotin, D-pantothenic acid, nicotinic acid and pyridoxine 

(Fig. 1). To confirm the model, Run 19 was repeated and 

subsequent experiments were carried out lacking 

individual vitamins, resuling in the absence of 

measurable cell dry weights. These results confirmed that 

all four vitamins must be present in the medium. The 

entire model, as well as the factors biotin, D-pantothenic 

acid and nicotinic acid, have p-values < 0.0001. 

Pyridoxine and the interactions of the other factors have 

p-values < 0.001 and are thus also clearly in the 

significant range. This means the probability that the 

effect is caused by noise in the process model is < 0.1%. 

In further experiments, only the essential vitamins 

nicotinic acid, biotin, D-pantothenic acid and pyridoxine 

were included in the vitamin adapted FM22 medium.   

B. D-opitmal Optimization of Salt Cocnentrations 

Next we investigated the impact on cell dry weight of 

different salt concentrations in the vitamin adapted FM22 

medium and different fermentation temperatures. Each 

factor was examined in individual ranges based on data 

available in the literature. A two-factor interaction model 

was used, as suggested by Design Expert, and square root 

data transformation, derived from the Box Cox diagram, 

was therefore applied to evaluate the model. The 

evaluation of the process model confirmed significance 

with a p-value < 0.0001. Furthermore, significant model 

terms included potassium phosphate, ammonium sulfate, 
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the temperature and the two-level interactions between 

potassium phosphate and magnesium sulfate, potassium 

phosphate and iron(II) sulfate, magnesium sulfate and 

iron(II) sulfate, and ammonium sulfate and iron(II) 

sulfate. 

TABLE II.  D-OPTIMAL DESIGN 

 Factors Response 

Run A B C D E F CDW 

(g L-1) 1 –0.3 –1.0 1.0 –0.3 –1.0 –1.0 5.87±0.13 

2 1.0 –0.8 –1.0 –1.0 1.0 1.0 0.83±0.03 

3 1.0 1.0 0.5 –1.0 0.9 1.0 6.83±0.03 

4 –1.0 –0.2 1.0 –0.5 1.0 1.0 5.38±0.28 

5 1.0 –1.0 –1.0 –1.0 –1.0 –1.0 0.47±0.08 

6 –1.0 –1.0 –1.0 –1.0 1.0 –1.0 0.47±0.03 

7 0.3 0.3 –1.0 0.5 0.5 0.0 0.83±0.03 

8 0.0 0.0 0.0 –0.2 0.0 0.0 3.00±0.08 

9 –1.0 1.0 –1.0 0.5 1.0 –1.0 1.05±0.13 

10 –1.0 1.0 –1.0 –1.0 1.0 1.0 1.35±0.12 

11 0.0 0.0 0.0 –0.2 0.0 0.0 2.98±0.03 

12 1.0 1.0 –1.0 –1.0 1.0 –1.0 1.00±0.05 

13 0.3 1.0 1.0 0.5 1.0 0.0 5.12±0.06 

14 1.0 –1.0 1.0 –1.0 1.0 –1.0 5.15±0.05 

15 1.0 1.0 1.0 –1.0 –1.0 1.0 6.73±0.13 

16 –1.0 1.0 1.0 0.5 –0.8 1.0 6.86±0.16 

17 0.0 0.0 0.0 –0.2 0.0 0.0 3.55±0.22 

18 1.0 –1.0 –1.0 –1.0 –1.0 –1.0 0.52±0.03 

19 1.0 –1.0 0.9 0.4 0.8 1.0 6.13±0.13 

20 –1.0 –1.0 –1.0 0.5 1.0 1.0 0.77±0.18 

21 1.0 –1.0 –1.0 0.5 1.0 –1.0 0.57±0.06 

22 –1.0 1.0 1.0 0.5 –0.8 1.0 4.62±0.19 

23 –1.0 –1.0 –1.0 –1.0 1.0 –1.0 0.45±0.01 

24 –1.0 –1.0 –1.0 0.5 –1.0 –1.0 5.03±0.08 

25 1.0 1.0 0.9 –1.0 –0.4 –1.0 0.97±0.08 

26 –1.0 1.0 –1.0 –1.0 –1.0 –1.0 0.92±0.13 

27 0.9 1.0 –1.0 –1.0 –1.0 1.0 0.70±0.09 

28 0.2 1.0 0.2 0.5 –1.0 –1.0 3.12±0.08 

29 0.1 0.1 –1.0 0.5 –1.0 1.0 0.58±0.06 

30 1.0 1.0 –0.2 0.5 1.0 1.0 6.23±0.08 

31 –1.0 1.0 1.0 –1.0 1.0 –1.0 4.42±0.08 

32 1.0 –1.0 –1.0 –0.2 –0.1 1.0 0.58±0.06 

33 –1.0 –1.0 –0.6 –0.9 –1.0 1.0 7.45±0.13 

34 1.0 0.4 1.0 0.5 –0.1 –1.0 2.83±0.03 

35 –1.0 –1.0 1.0 0.5 1.0 –1.0 5.43±0.06 

36 –1.0 –0.2 1.0 –1.0 –1.0 0.0 6.60±0.05 

37 1.0 1.0 –1.0 0.5 –1.0 0.0 0.67±0.06 

38 1.0 –1.0 1.0 0.5 –1.0 1.0 5.77±0.23 

39 –0.3 –1.0 1.0 –1.0 0.1 1.0 7.10±0.13 

Concentration in coded format for the factors: A = potassium phosphate; 

B = masgnesium sulfate; C = ammonium sulfate; D =calcium sulfate;  

E = Iron(II) sulfate, and F = temperature. CDW = cell dry weight. 

 

The difference between the predicted R-squared 

(0.7659) and the adjusted R-squared (0.8415) was < 0.2. 

In a confirmation run, a cell dry weight of 8.18±0.58 g L-

1 was achieved with the vitamin and salt adjusted medium 

at 30°C, based on the following salt concentrations:  

KH2PO4, 9.95 g L-1; MgSO4∙H2O, 1 g L-1; CaSO4∙H2O, 1 

g L-1; FeSO4, 0.19 g L-1; (NH4)2SO4, 10 g L-1. In shake 

flasks, the cell dry weight increased by 186%. Similar 

increases in production yield (210%) have been achieved 

[22] by reducing the concentration of salts and trace 

elements compared to the original FM22 medium [26]. 

 

Figure 2.  Contour plot of the D-optimal model with cell dry weight as 

the response. Actual concentration of the remaining factors: KH2PO4, 

9.95 g L-1; MgSO4∙H2O, 1 g L-1; CaSO4∙H2O, 1 g L-1; FeSO4, 0.19 g L-1. 

C. Enzyme Production 

Four duplicate fermentation runs were conducted with 

the vitamin and salt adapted FM22 medium at pH 5 and 6. 

The cell dry weights increased to 17.48±0.20 g L-1 at pH 

5 and to 16.53±0.55 g L-1 at pH 6 (Fig. 3). The higher cell 

dry weights were achieved due to the adjusted carbon 

source concentrations at the larger reactor scale. The 

transfer activities of the cell-free fermentation broth in 

each case reflect the expressed fructosyltransferase. 

Compared to shake flask cultures, a new 80-kDa protein 

band was identified by SDS-PAGE (Fig. 4), 

corresponding to the glycosylated form of the expressed 

fructosyltransferase in K. lactis, whereas this band is not 

expressed by wild-type K. lactis GG799 [21].  

 

Figure 3.  Cell dry weight under four different fermentation conditions, 

each fermentation conducted in duplicate, and each cell dry weight 

measured in triplicate.  

Fermentation broths without galactose showed no 

measurable transfer activity (data not shown). By 

measuring the expression level of the enzymes, the 

activities in adapted FM22 medium were found to be 
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comparable to the results in YPD medium at both pH 

values (Fig. 5). 

 

Figure 4.  SDS-PAGE analysis of proteins in the fermentation broth. 

M = Pre-stained Protein Standards (250-25 kDa). Lane 1 = Cell-free 

fermentation broth of vitamin and salt adapted medium in shake flask 

cultures. Lane 2 = Cell-free fermentation broth of vitamin and salt 

adapted medium in reactor scale cultures (30 g L-1 glucose, 7.5 g L-1 

galactose, pH 6). 

 

Figure 5.  Enzyme activity under four different fermentation conditions, 

each fermentation conducted in duplicate, and each activity assay 

conducted in triplicate.  

 

Figure 6.  HPLC profile of cell-free fermentation broth comprising 

vitamin and salt adjusted FM22 medium at pH 6, with 30 g L-1 glucose 

and 7.5 g L-1 galactose. The peaks correspond to (1) fructose, (2) 

glucose, (3) sucrose, (4) a putative isomeric trisaccharide of 1-kestose, 

(5) 1-kestose, (6) nystose, and (7) 1F-fructofranosyl-nystose.  

In fermentations with the vitamin and salt adapted 

FM22 medium at pH 6, the maximum enzyme activity in 

the cell-free fermentation broth was 133.8±16.5 U mL-1. 

The crude supernatant was analyzed by HPLC, 

revealing peaks corresponding to 1-kestose, nystose and 

1F-fructofranosylnystose by reference to calibration 

standards (Fig. 6). These results indicate that the 

recombinant fructosyltransferase in this study does not 

exclusively produce β(2-1)-linked FOS. A putative 

isomeric trisaccharide of 1-kestose was also identified 

(Fig. 6). 

IV. CONCLUSIONS 

Batch fermentations in a stirred tank reactor with 

adapted FM22 medium achieved a maximum cell dry 

weight of 17.48 g L-1. In comparison, P. pastoris batch 

cultivations with adapted FM22 medium have achieved 

cell dry weights of 11.25 g L-1 with a yield coefficient of 

0.55 gbiomass gglycerol
-1 and a growth rate of 0.23 h-1  [27]. 

Comparing the influence of vitamins, it is remarkable that 

the utilization of selected B-vitamins leads to a 

significant increase in biomass compared to the provision 

of a complete set of vitamins, suggesting the unnecessary 

vitamins are not only superfluous but may also be 

responsible for substrate inhibition. 

In previous studies, an enzyme activity of 71.3 U ml-1 

was reported for the production of FOS by solid-state 

fermentation using Aspergillus japonicus β-

fructofuranosidase [28]. Furthermore, an A. aculeatus β-

fructofuranosidase was purified from the technical 

enzyme solution Viscozyme L (Novozymes, Denmark) 

with a maximum yield ratio (grams of FOS per gram of 

initial sucrose) of 55%, after 100 min [29]. We achieved 

a maximum yield of 17.0±2.4 grams of FOS per gram of 

initial sucrose by fermentation in adjusted FM22 medium 

at pH 6. The lower yield may reflect the shorter reaction 

time of only 20 min in our study. We also used a crude 

supernatant, so the enzyme was not concentrated or 

purified prior to the reactions. Given these considerations, 

the enzyme activity we observed was remarkably high.  

We have therefore developed a robust production method 

using a fructosyltransferase in chemically defined 

medium, yielding comparable cell dry weights and 

enzyme activities to the nutrient-rich YPD fermentation 

medium. 
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