
J. Gen. Appl. Microbiol., 37, 447-454 (1991)

SYNERGETIC FLOCCULATION OF THE BIOFLOCCULANT 

       FIX EXTRACELLULARLY PRODUCED 

            BY NOCARDIA AMARAE

JUN-ICHI KOIZUMI,* MINORU TAKEDA,' RYUICHIRO KURANE,Z 

                 AND ISEI NAKAMURA' 

       Institute of Applied Microbiology, The University of Tokyo, 

                   Bunkyo-ku, Tokyo 113, Japan 
        'Institute of Applied Biochemistry

, University of Tsukuba, 

                  Tsukuba, Ibaraki 305, Japan 
ZFermentation Research Institute

, Agency of Industrial Science and Technology, 
                   Tsukuba, Ibaraki 305, Japan 

                 (Received September 27, 1991)

The fractionation of bioflocculant FIX produced by Nocardia amarae 

YK 1 revealed that the flocculant was a mixture of more than three 

substances. Although individual fractions did not exhibit the ability of 

flocculation at pH 5 to 7, synergetic flocculation was observed at pH 7 

after mixing the fractions. Infrared spectrophotometry suggested that the 

chief components of fractions might be peptides. Enzymatic digestion of 

peptide moiety resulted in disappearance of flocculation activity. One of 
the ingredients of FIX carried high contents of glycine (25.6%), alanine 

(13.8%), and serine (12.3%), of which R groups were relatively small.

   Nocardia amarae YKl produces the extracellular bioflocculant FIX that 

brings about the flocculation of proliferous bacterial cells such as Acinetobacter 

calcoaceticus, Escherichia coli, Klebsiella pneumoniae, Pseudomonas putida, and so 

on (1). The purification process was undertaken in order to determine the structure 

of the substance. However, after the bioflocculant was subjected to any usual 

purification procedures except dialysis, the flocculation activity disappeared at 
neutral pH of 6 to 7. The fate of FIX as a result of the procedures has been 

deliberated. 

   Several sorts of floc-forming substances have been prepared from activated 

sludge, of which autoflocculation is well known. Sato and Ose (3) reported that the 

viscous substances extracted with sodium hydroxide solution could be flocculate 

kaolin particles as well as E, coli cells below pH 3. Meanwhile, Pavoni et al. (2) and
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Tenney and Verhoff (4) observed that the kaolinite-flocculating activity of the 

extract with ammonium hydroxide solution increased with the increase of pH. It 

was interesting to note that neither of them exerted their flocculation activity at 

neutral pH. 

   These experiments and our experience mentioned earlier suggested the fol-

lowing: the bioflocculant FIX might be composed of more than two substances, 

which might work synergetically in flocculation. Since some of them were excluded 

through the purification process, the flocculation activity of FIX at neutral pH was 

lost. The present investigation was conducted to examine the idea mentioned 

above.

MATERIALS AND METHODS

   Microorganism and growth condition. N. amarae YK1(Account No. =FERM 

P-9347, Fermentation Research Institute, Agency of Industrial Science and Tech-

nology, Tsukuba, Japan) was cultivated at 30°C in LG7 medium for about 20 days 

in static culture. The medium composition was described elsewhere (1). 

   Preparation and fractionation of FIX. As a preliminary experiment, N. 

amarae YK 1 cells harvested and washed with various solutions were observed with 

a scanning electron microscope (Model S-450, Hitachi, Ltd., Tokyo, Japan; the 

cells were fixed with 2% of glutaraldehyde, dehydrated through ethanol washes 

followed by critical point drying, and gold-coated; accelerated voltage = 25 kV) 

(Fig. 1). The fibrous materials bridging the cells (Fig. 1A) could be leached out by 
washing with 0.1 N HCl (Fig. 1B) or 0.05 N NaOH solution (Fig. 1C). Therefore, 

the extractions with these solutions were applied here at the first step of the prep-

aration and fractionation process, which is shown in the flow chart of Fig. 2: FIX 

in the previous work (1) was retrieved from wash-water corresponding to (A) in

   Fig. 1. Scanning electron microscopy of N. amarae 

washed with 0.1 N HCl (B) or 0.05 N NaOH solutions (C).

YK1 (A), and the cells



1991 Bioflocculant Produced by Nocardia amarae 449

the figure, which will be discussed later. 

   Each extract contained the substances that coagulated at pH 4 (B) or 8 (B'). 

The coagulum from NaOH-extraction was emulsified with diethylether under an 

acidic condition (C). Centrifugation separated the emulsion into three layers (D), 

and diethylether.- and acidic water-soluble fractions were discarded (D). The 

remaining cream layer was dissolved and emulsified with n-butyl alcohol (E). After 

centrifugation, the n-butyl alcohol and cream layers were collected, while the water 

layer was discarded (F). The n-butyl alcohol fraction was evaporated to dryness, 

and subjected to the series of purification protocols as shown in Fig. 1. The 

resulting powder was named FIX-fraction a. The substance in the last cream layer 

was designated as FIX-fraction b. FIX-fraction c was the coagulum from the HCl

   Fig. 

Nocardia

2. Preparation and 

amarae YKI. (A) to

fractionation of the bioflocculant FIX produced by 

(F) were assigned for explanation in the text.
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solution (B'). The fractions were stored as powder at room temperature. When 

required, they were dissolved in a small volume of 0.05 N NaOH or 1 N HCl 

solution, and neutralized by HC1 or NaOH, followed by dilution with 50 mM 

KH2P04 Na2HPO4 buffer (pH 7) to 10 mg/ml. 

   Assay of flocculation activity. Flocculation activity was assayed using 1 mg/ml 

of kaolin suspension as follows: Kaolin (Product No. =117-00025, Wako Pure 

Chemical Industries, Ltd., Osaka, Japan) was suspended in 50 mM buffer of sodium 

acetate-HC1(acetate buffer: pH 2 to 5), KH2P04 Na2HPO4 (phosphate buffer: pH 

5.5 to 7) or Tris-HC1 (Tris buffer: pH 7.5 to 9). Each FIX-fraction prepared in the 

phosphate buffer (pH 7) was stirred into 5 ml of the suspension in a test tube (final 
concentration = 0.5 mg/ml). After standing for 30 min, the test tube was photo-

graphed. 
   Spectrophotometry. One mg of each powder of FIX-fraction was mixed with 

100 mg of KBr powder in a mortar with pestle. The mixture was tabletted (1 to 2 

mm in thickness) and analyzed with an infrared spectrometer (Model A-302: Japan 

Spectroscopic Co. Ltd., Tokyo, Japan). 

   Enzymatic digestion. FIX-fractions (10 mg each) were incubated in 10 ml of 

50mM Tris buffer (pH 7.2) at 30°C for 3 h with 1 unit of pronase E (protease, type 

XXV: Sigma Co., St. Louis, MO, USA). 

   Electrophoresis. FIX-fractions a and b were electrophoresed at a constant 

current of 2.5 mA for 30 min on a cellulose acetate paper (Separaphore III: Gelman 

Science Inc., Ann Arbor, MI, USA) soaked with 0.2 M Tris buffer (pH 8.9). 

FIX-fraction c was charged on a separate paper moistened with 0.2 M acetate buffer 

(pH 4). Both papers were stained with 1 % of Coomassie brilliant blue (CBB G-
250: nacalai Chemicals, Ltd., Kyoto, Japan). 

   Amino acid composition. Amino acid quantitative analysis was performed for 

FIX-fractions a to c using an automatic amino acid analyzer (Model 835, Hitachi, 

Ltd.). Samples were hydrated in 5.7 N HCl solution at 110°C for 24h.

RESULTS AND DISCUSSION

Flocculating activity of FIX fractions a to c 

   Before the presentation of synergetic flocculation of FIX-fractions, the floc-

culation activities of individual fractions will be described below. As mentioned in 

Materials and Methods, the fractions a to c came from the coagula that emerged at 

pH = 4 and/or 8, and they could recoagulate when the pH of the solutions of the 
fractions either decreased to 4 or increased to 8 (Fig. 2). We examined whether the 

coagulation could cause the flocculation of suspended particles such as kaolin. 

   Figures 3 and 4 show the outlooks of kaolin suspension at various pH values 

after the additions of FIX-fractions a and b, respectively. At pH s 4, FIX-fraction 

a coagulated and flocculated kaolin particles: the transparent supernatant was 

observed (Fig. 3). The volume of the precipitated floc decreased with the decrease 

of pH. It was assumed that the decrease of pH enhanced the dehydration from the
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floc. The precipitates of aggregated FIX-fraction b were observed at pH 3 to 5, but 

kaolin suspension was clarified only at pH 4 (Fig. 4). FIX-fraction c never 

flocculated kaolin particles, although it precipitated above pH 8. It must be 

emphasized from these results that neither FIX-fraction a, b, nor c could flocculate 

kaolin particles at pH 5 to 7.

Synergetic flocculation by the fraction of FIX 

   In order to examine the idea of synergetic flocculation, we observed under a 

microscope what happened after the fractions were mixed. Nothing happened 

when FIX-fractions a and b were mixed. However, no sooner had the solution of 

FIX-fraction b been injected into a droplet of FIX-fraction c than small aggregates 

emerged even at pH 7 (Fig. 5A and B). Agglutinating each other, they grew larger 

to an extent of 100 to 300,am in length for 30 min (Fig. 5C). Mixing FIX-fractions 

a and c also yielded agglutinate particles, although it took more than 8 h to observe 

them. Furthermore, these agglutinations could flocculate kaolin particles. The 

synergy of FIX-fractions on flocculation was confirmed. 

   As mentioned earlier, FIX was retrieved from wash-water (A) in Fig. 2 in the

   Fig. 3. Flocculation of kaolin suspension by 

tubes indicate pH values of the suspensions.

FIX-fraction a. Numerals on test

   Fig. 4. Flocculation of kaolin suspension by 

pH values of the suspensions.

FIX-fraction b. White letters mean
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previous work (1). A FIX-compound consisting of the fractions a to c might be 
detached from N. amarae cells by washing with water; we must observe the result 

of synergetic floc-forming in the previous work.

The ingredients of FIX are peptides 

   Infrared spectra of FIX-fractions of a to c (Fig. 6) displayed the absorption 

bands that are due to amide II at 1540, 1650, and 3300 (or 3400 for FIX-fraction

   Fig. 5. Emergence of aggregates of FIX-fractions b and c. The solution 

FIX-fraction b (0.28 mgJml; pH 7.0) was injected into a droplet of FIX-fraction 

(0.28 mg/ml; pH 7.0) on a slide glass. Photographs of A, B, and C were taken at 0, 
and 30 min, respectively. Open bar indicates 200 im.

of 

c 

5,

Fig. 6. Infrared spectra of FIX-fractions a (top), b (middle), and c (bottom).
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b) cm-'. Since this suggested that FIX might be peptides, protease digestion was 

tested for FIX-fractions. After incubation with pronase E, the fractions did not 

express the flocculation activity. The chief components of FIX-fractions respon-

sible for flocculation therefore were concluded to be peptides. 

   Assuming FIX was peptides, it was likely that the coagula obtained in this 

study were the results of isoelectric precipitation at pH 4 or 8. The electrostatic 

states of FIX-fractions could be presumed from this as follows: FIX-fractions a and 

b might be negatively charged above pH 4, while FIX-fraction c might be positively 

charged below pH 8. The presumption was proved by cellulose acetate paper 

electrophoresis (Fig. 7): FIX-fractions a and b migrated toward the anode at pH 

8.9 (Fig. 7A), while FIX-fraction c moved to the cathode at pH 4 (Fig. 7B). 

Therefore, the emergence of aggregates of FIX-fractions b and c could be ascribed 

to charge-effect neutralization. However, there still remained the question of why 

FIX-fraction a required a long time to aggregate with fraction c in spite of the fact 

that it was more negatively charged than was FIX-fracton b; FIX-fraction a (lane 

2 in Fig. 7A) migrated a longer distance than FIX-fraction b (lane 3).

FIX fraction a is rich in the amino acids in the smaller R groups 

   The amino acid compositions determined for FIX-fractions a to c are listed in 

Table 1. Although the proportion of negatively charged amino acids residues (Asp 

and Glu) could not be correctly evaluated, those of positively charged amino acids 

residues (Arg, His, and Lys) in FIX-fractions a, b, and c were 2.4, 10.1, and 18.4%, 

respectively, which coincided with the migration of the fractions on paper elec-

trophoresis (Fig. 7). 

   The table manifests the information that FIX-fraction a was rich in relatively

   Fig. 7. Cellulose acetate paper electrophoresis of FIX-fractions. Papers of A 

and B were soaked with 0.2 M Tris (pH 8.9) and 0.2 M acetate (pH 4.0) buffer, 

respectively. FIX-fractions a and b were applied to lanes 2 and 3 on paper A, 

respectively, whereas FIX-fraction c was applied to lane 2 on paper B. Bovine serum 

albumin (lane 1 on A) or lysozyme (lane 1 on B) were prepared as typical protein 

charged negatively or positively. A constant current of 2.5 mA was supplied from 

bottom (+) to top (-) for 30 min.
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small R groups of amino acid residues such as Gly, Ala, and Ser; around a quarter 

of FIX-fraction a was Gly, and about a half was Gly, Ala, and Ser. Because of this 

peculiar amino acid composition, it was likely that FIX-fraction a could conform to 
a fibrous $ structure similar to, for instance, silk fibroin, and be an interparticle-

bridging material (5) on floc formation.
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Table 1. Amino acid composition of FIX-fractions a, b, and c.
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