
Journal of Industrial Microbiology, 6 (1990) 171-178 
Elsevier 171 

SIM 00282 

Extracellular mannanases and galactanases from selected fungi 
Alberto Araujo and Owen P. Ward 

Biology Department, University of Waterloo, Waterloo, Ontario, Canada 

Received 1 November 1989; revised 29 January 1990; accepted 5 February 1990) 

Key words: Mannanase; Mannosidase; Galactanase; Talaromyces; Thielavia; Thermoascus 

S U M M A R Y  

Eight thermophilic fungi were tested for production of mannanases and galactanases. Highest mannanase activities were produced by Talaromyces 
byssochlamydoides and Talaromyces emersonii. Mannanases from all strains tested were induced by locust bean gum except in the case of Thermoascus 
aurantiacus, where mannose had a greater inducing effect. Locust bean gum was also the best inducer of/~-mannosidase and galactanase except in the case 
of T. emersonii where galactose was a better inducer of both these enzymes. Highest mannanase activity was produced by Talaromyces species when peptone 
was used as nitrogen source whereas sodium nitrate promoted maximum production of this enzyme by Thielavia terrestris and T. aurantiacus. The pH optima 
of mannanases from the thermophilic fungi were in the range 5.0-6.6 and contrasted with the low pH optimum (3.2) of the enzyme from Aspergillus niger. 
Galactanases had pH optima in the range 4.3-5.8. The mannanase from 72 emersonii and the galactanase from T. terrestris were most thermostable, each 
retaining 100~o activity for 3 h at 60 ~ 

I N T R O D U C T I O N  

The family of polymers comprising hemicellulose is an 
abundant  renewable raw material  and, therefore, repre- 
sents a potential  alternative source of fuels and chemicals 
[9]. Some hardwood species contain up to 35% hemi- 
cellulose [41]. The major  hemicellulose components  of 
wood are galactomannans (softwood), the glucomannans 
(hardwoods),  arabinogalactans (larch wood) and soft- 
and hardwood xylans [41]. In contras t  to the starch- 
containing cereal grains, galactomannan is the main 
storage carbohydrate  in leguminous seeds [16]. For  
example, galactomannan constitutes 18-20% of  the dry 
weight of guar and locust beans [26]. Mannans  are a 
major  part  of the dry weight of  many palm seeds, causing 
thickening of the endosperm wall and conferring the 
characterist ic hardness on the palm kernel [29]. Man-  
nanases and galactanases,  therefore, may have potential  
as important  supplementary enzymes to cellulases in the 
conversion of wood polysaccharides to hexoses. Man-  
nanases and galactanases may be used to hydrolyse man- 
naris and galactans of coffee bean in the coffee production 
process and these enzymes also have potential  applica- 
tions for processing other plant  materials  [17,19], 

A variety of  mesophilic microbial species produce 
mannanases  and galactanases.  Sclerotium rolfsii and 
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Rhizopus niveus produce a combination of galactanases 
and mannanases  [19,37]. Galac tanase  was found to be 
produced by Penieillium expansum [23] and Botrytis cinerea 
[36]. Fungal /M,5-mannanases  or /~-mannosidases  have 
been shown to be produced by Aspergillus species 
[5,7,12,31,35], Chrysosporium lignorum [15], Polyporus 

species [38], Tremella fusiformis [33], Tyromyces palustris 
[20] and Trichoderma species [15,32]. 

There are substantial  commercial  advantages in carry- 
ing out enzymic reactions at higher temperatures [40]. 
Enzymatic  digestion at increased temperatures  (above 
60-65 ~ may reduce microbial  contamination of the 
material  being processed [6]. In addition, higher tempera- 
tures increase the rate of substrate digestion and addi- 
tionally increase the solubility of  the polymeric substrates,  
such as carbohydrates ,  rendering them more amenable to 
enzymatic attack. Considerable research has been de- 
voted to identifying more thermostable  industrial en- 
zymes and a number of thermophilic fungi producing 
more thermostable  cellulases have been identified 
[8,11,21,24,27,28]. However,  research has not been 
carried out to identify sources of thermostable  man- 
nanases and galactanases.  Since, in many of  the potential  
applications,  these lat ter  enzymes might be used in combi- 
nat ion with cellulase, we have screened a variety of cellu- 
lase producing thermophilic fungi as possible future com- 
mercial sources of  mannanase  and galactanase activity. 
Aspergillus niger was included in the study because its 
mannanase  has been well characterised. 
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MATERIALS AND METHODS 

Organisms and culture conditions 
Aspergillus niger NRRL 337, Thielavia terrestris NRRL 

8126 and ATCC 26917, Thermoascus aurantiacus 
ATCC 26904 and ATCC 28082 and Sporotrichum cellulo- 
philum ATCC 20493 were maintained on potato-dextrose 
agar slopes. Talaromyces byssochlamydoides NRRL 3658 
and Talaromyces emersonii NRRL 3221 and NRRL 18080 
were maintained on malt agar (Difco, Detroit). Stock 
cultures were incubated for 96 h at 37 ~ for A. niger and 
T. terrestris and at 45 ~ for T. aurantiacus, S. cellulo- 
philum and Talaromyces spp. and then stored at 4 ~ for 
a maximum of one month. 

The basic mineral medium for enzyme production 
studies contained (per l) KH2PO4, 2g; CaC12.2H20, 
0.3 g; MgSO4 �9 7H20, 0.3 g; trace metal solution [1], 1 ml. 
For initial screening of fungal cultures for mannanases 
and galactanases, this medium was supplemented with 
10 g/1 locust bean gum (Sigma, St. Louis); 2 g/1 NaNO3; 
1 g/1 corn steep solids and 20% (v/v) potato extract. 
Potato extract was prepared by boiling 300 g diced potato 
in 500 ml water for 1 h. The extract was recovered by 
straining through cheesecloth and the volume made up to 
1 1 with water. The same liquid medium was used for 
preparation ofinoculum except 5 g/1 locust bean gum was 
used instead of 10 g/1. For studies of the effect of carbon 
and nitrogen sources on enzyme production, the basic 
mineral medium was supplemented with carbohydrates 
(10 g/l) and nitrogenous constituents (1 g/l) as indicated in 
the results section. The pH of all culture media was 
adjusted to 5.5. 

Liquid cultures were incubated in 250 ml Erlenmeyer 
flasks containing 80 ml of medium. The flasks were 
stoppered with cotton plugs. Cultures were incubated at 
45 ~ on an orbital shaker set at 200 rpm. The seed cul- 
ture medium was inoculated with mycelial mat (1 cm 2) 
from stock culture slopes and incubated for 30 h. Enzyme 
production flasks were then inoculated with 2 ml of this 
30 h inoculum culture and incubated for 48 h. In prelimi- 
nary production studies, biomass concentrations and 
enzyme activities produced in flasks containing 50 and 
80 ml media were identical. Because 9.0 ml water was 
observed to evaporate from both culture volumes in 48 h, 
the 80 ml volume was used for further studies. 

Cell free supernatants for determination of enzyme 
activity were prepared by centrifugation of the culture at 
10000 x g for 10rain. Biomass determinations were 
carried out by drying the mycelium on preweighed What- 
man No. 1 filter paper to constant weight at 80 ~ 
Filtered mycelia were washed with water prior to drying 
to remove soluble medium constituents. Dry weight deter- 
minations using uninoculated media indicated insoluble 

medium constituents arising from corn steep solids 
amounted to < 0.1 mg/ml and could thus be neglected. 

Measurement of enzyme activity 
Mannanase was assayed using locust bean galacto- 

mannan as the substrate. Galactomannan was prepared 
by ethanol precipitation of an aqueous solution of locust 
bean gum (Sigma, St. Louis) followed by redissolving and 
freeze drying according to the method of Halmer et al. 
[18]. Locust bean gum or carob flour is ground kernel 
endosperms of tree pods of Ceratonia siliqua L. Purified 
galactomannan contains 70~o mannose, 28.5 ~o galactose 
and 1 ~o ribose and consists of a/3-1,4-mannan backbone 
chain with one galactose branch on every fourth mannose. 
The mannanase assay mixture contained 0.5 ml of 1 
(w/v) galactomannan, prepared in 0.1 M sodium acetate 
buffer, pH 5.8 and 0.5 ml of suitably diluted culture fluid. 
The reaction mixture was incubated at 50 ~ for 30 rain. 
Reducing sugars produced due to enzyme activity were 
determined as mannose reducing equivalents using the 
dinitrosalicylic acid (DNS) method of Miller [30]. 

Galactanase was assayed using galactan prepared 
from gum arabic (Aldrich, Milwaukee). Culture filtrate 
(0.5 ml) was incubated with 0.5 ml solution of 1% (w/v) 
galactan prepared in 0.1 M sodium acetate buffer, pH 5.8. 
The reaction mixture was incubated at 50 ~ for 30 rain. 
Reducing sugars produced were determined as galactose 
reducing equivalents using the DNS method. 

The/3-mannosidase activity was determined by incu- 
bation of 0.5 ml of culture fluid with 0.5 ml of a 2 mM 
solution ofp-nitrophenyl-/3-D-mannopyranoside (Sigma) 
prepared in 0.1 M sodium acetate buffer, pH 5.8. The 
reaction mixture was incubated at 50 ~ for 30 rain and 
stopped by addition of 2 ml of 2% (w/v) sodium carbonate 
solution. Released p-nitrophenol was determined by ab- 
sorbance at 420 mm. 

One unit (U) of mannanase or galactanase activity is 
defined as the amount producing 1 #tool of product in 
1 rain. One unit of /3-mannosidase is defined as the 
amount of enzyme producing 1 #tool of p-nitrophenol in 
1 rain. 

To determine the effect of pH on enzyme activity, 
assays were carried out in 0.05 M sodium citrate-0.1 M 
sodium phosphate buffer at various pH values. For ther- 
mostability studies, enzyme solutions were incubated at 
various temperatures for periods up to 3 h and residual 
activity then determined. 

RESULTS 

Mannanase,/3-mannosidase and galactanase activities 
were determined on cell free supernatants of the fungal 
cultures after a 48 h incubation in the culture screening 
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TABLE 1 

Mannanase,/~-mannosidase and galactanase activity in fungal culture filtrates 

Organism pH of culture 
fluid at 
harvest (48 h) 

Enzyme activity (U/ml) 

Mannanase /?-Mannosidase Galactanase 

Talaromyces byssochlamydoides NRRL 3658 6.6 
Talaromyces emersonii NRRL 3221 6.3 
Talaromyees emersonii ATCC 18080 7.5 
Thielavia terrestris NRRL 8126 6.7 
Thielavia terrestris ATCC 26917 6.5 
Thermoascus aurantiacus ATCC 26904 6.8 
Thermoascus aurantiacus ATCC 28082 7.2 
Sporotrichum cellulophilum ATCC 20493 6.3 
Aspergillus niger NRRL 337 6.4 

52.4 0.005 0.36 
43.1 0.002 0.38 

0.6 0.001 0.02 
12.5 0.020 0.15 
2.8 0.005 0.12 
0.1 0.040 0.03 
0.0 0.005 0.02 
4.8 0.037 0.10 
5.2 0.020 0.02 

medium (Table 1). Highest mannanase activities, 52.4 and 
43.1 U/ml, were detected in cultures of T. byssochla- 
mydoides N R R L  3658 and T. emersonii, NRRL 3221, re- 
spectively. Activities from other cultures ranged from 
0-30 % of these values. Relatively low levels of  fl-manno- 
sidase ( <  0.04 U/ml) and galactanase ( < 0.38 U/ml) were 
detected in all cultures. 

Six fungal strains, T. byssochlamydoides NRRL 3658, 
T. emersonii, NRRL 3221, T. terrestris N R R L  8126 
T. aurantiacus ATCC 26904, S. cellulophilum ATCC 
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Fig. 1. Effect of temperature on stability of mannanase. �9 
55~ 0 ,  60~ A, 65~ A, 70~ [Z, 75~ An, A. niger; Sc, 
S. cellulophilum; Tb, T. byssochlamydoides; Te, T. emersonii; Ta, 

T. aurantiacus; Tt, T. terrestris. 

20493 and A. niger NRRL 337 (for comparison) were se- 
lected for further investigation. Effect of carbon sources 
on enzyme production was studied by incorporating 
locust bean gum, galactose, mannose, glucose and glyce- 
rol as the carbon source (10 g/l) in the basic mineral 
medium containing NaNO 3 (1 g/l) as nitrogen source. En- 
zyme activities in the culture supernatants, after a 48 h 
incubation, are presented in  Table 2. Mannanases from 
all of  the strains tested, with the exception of T. aurantia- 
cus, were best induced by locust bean gum with relatively 
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Fig. 2. Effect of temperature on stability of galactanase. O, 
55~ 0 ,  60~ A, 65~ A, 70~ [~, 75~ AriA. niger; Sc, 
S. cellulophilum; Tb, T. byssochlarnydoides; Te, T. emersonii; Ta, 

T. aurantiacus; Tt, T. terrestris. 
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TABLE 2 

Effect of carbon source on enzyme production 

Carbon source (g/t) Mannanase /~-Mannosidase Galactanase Biomass dry wt. 
(U/ml CFS) (U/ml CFS x 10-3) (U/ml x 10 -2) (mg/ml) 

Talaromyces byssochlamydoides NRRL 3658 
Locust bean gum 23.9 4.0 12.0 3.1 
Mannose 0.1 1.5 6.0 3.9 
Galactose 0.1 1.2 6.0 3.6 
Glucose 0.1 2.0 3.5 4.7 
Glycerol 0.0 2.0 1.1 1.0 
T. emersonii NRRL 3221 
Locust bean gum 19.7 1.0 13.0 4.0 
Mannose 0.2 1.1 1.0 3.3 
Galactose 0.2 2.7 9.5 3.5 
Glucose 0.1 1.4 7.1 3.8 
Glycerol 0.0 0.1 0.1 1.3 
7hielavia terrestris NRRL 8126 
Locust bean gum 6.0 5.0 10.0 3.8 
Mannose 0.1 0.6 7.2 3.3 
Galactose 0.1 0.9 4.6 2.9 
Glucose 0.1 0.7 6.0 3.0 
Glycerol 1.1 1.7 4.8 2.2 
Thermoaseus aurantiacus ATCC 26904 
Locust bean gum 0.5 20.0 1.8 2.8 
Mannose 2.0 0.5 0.1 2.2 
Galactose 0.2 3.5 8.0 2.9 
Glucose 0.1 0.6 5.2 3.5 
Glycerol 0.0 2.0 1.7 1.6 
Sporotrichum cellulophilum ATCC 20493 
Locust bean gum 1.0 2.0 9.9 3.4 
Mannose 0.0 0.5 2.6 4.8 
Galactose 0.1 0.5 4.1 3.9 
Glucose 0.0 0.6 2.3 4.1 
Glycerol 0.0 0.4 2.3 1.7 
Aspergillus niger NRRL 337 
Locust bean gum 1.5 35.0 9.0 4.5 
Mannose 0.0 1.6 4.0 4.0 
Galactose 0.0 1.1 4.4 4.2 
Glucose 0.1 0.2 4.3 4.3 
Glycerol 0.0 1.0 3.2 1.6 

Nitrogen source: NaNO~, 1 g/1. Incubation time: 48 h. 

low levels of enzymes detected on the other growth sub- 
strates. In the case of T. aurantiacus, mannose had a 
greater inducing effect than locust bean gum. This latter 
substrate was also the most potent inducer of/?-manno- 
sidase activity in A. niger, where the best alternative car- 
bon source only produced 4.5 To of the locust bean gum 
inducible enzyme. While locust bean gum was also the 
optimal inducer of /%mannosidase in T. aurantiacus, 
S. eellulophilum, T. terrestris and T. emersonii, the alterna- 
tive carbon sources induced 17.5, 33, 34 and 50~o respec- 
tively of the locust bean gum inducible level. In the case 

of T. emersonii, highest /~-mannosidase activity was in- 
duced on galactose as the carbon source. Galactose in- 
duced maximum galactanase activity (8 x 10-2 U/ml) in 
T. aurantiacus cultures whereas maximum galactanase ac- 
tivity was observed with all other organisms in cultures 
containing locust bean gum, with activities ranging from 
1.8-13.0 x 10-2 U/ml. However, in many cases, alterna- 
tive carbon sources resulted in production of at least 
40-50 ~o of the maximum level induced. 

In order to study the effect of the nitrogen source on 
mannanase  and galactanase production, locust bean gum 
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Organism Nitrogen source Mannanase Galactanase Biomass dry weight 
(U/ml) (U/ml x 10 -2) (mg/ml) 

Talaromyces byssochlamydoides NRRL 3658 
(Carbon inducer: locus bean gum) 

T. emersonii NRRL 3221 
(Carbon inducer: locus bean gum) 

Thielavia terrestris NRRL 8126 
(Carbon inducer: locus bean gum) 

Thermoascus aurantiacus NRRL 26904 
(Carbon inducer: mannose for 
mannanase, galactose 
for galactananse) 

Sporotrichum cellulophilum ATCC 20493 
(Carbon inducer: locus bean gum) 

Aspergillus niger NRRL 337 
(Carbon inducer: locus bean gum) 

NaNO3 1.5 9.0 4.5 
NH4C1 1.3 2.0 4.3 
Urea 1.6 2.0 3.9 
Corn steep solids 1.2 1.0 4.8 
Yeast extract 1.0 3.0 5.0 
Peptone 2.7 3.0 5.0 
NaNO3 19.7 13.0 4.0 
NHgC1 9.0 2.0 4.0 
Urea 9.4 2.0 4.1 
Corn steep solids 8.4 8.0 4.2 
Yeast extract 10.5 4.0 4.6 
Peptone 49.2 6.2 3.5 
NaNO3 6.0 I0.0 
NH4C1 2.7 5.0 3.0 
Urea 2.6 15.0 3.3 
Corn steep solids 4.9 7.0 3.7 
Yeast extract 3.9 10.0 3.5 
Peptone 5.2 2.0 3.7 
NaNO3 1.5 9.3 2.8 
NHgC1 0.1 8.2 3.3 
Urea 1.0 2.8 2.1 
Corn steep solids 0.0 6.0 3.3 
Yeast extract 0.1 10.1 4.3 
Peptone 0.0 9.2 4.1 
NaNO3 1.0 10.0 3.4 
NH4C1 0.2 9.0 3.4 
Urea 2.4 8.0 3.0 
Corn steep solids 0.8 10.0 4.6 
Yeast extract 2.3 10.0 3.3 
Peptone 2.0 8.0 4.5 
NaNO3 1.5 9.0 4.5 
NH4C1 1.3 2.0 4.3 
Urea 1.6 2.0 3.9 
Corn steep solids 1.2 1.0 4.8 
Yeast extract 1.0 3.0 5.0 
Peptone 2.7 3.0 5.0 

(2.7) a,b 
(2.9) 
(2.0) 
(3.0) 
(3.6) 
(3.4) 

Carbon source: locust bean gum 10 g/1. ~ Biomass with mannose; b biomass with galactose. 

(10 g/l) was used as the carbon source except in the case 
of  T. aurantiacus where mannose (10 g/l) and galactose 
(10 g/l) were used to induce mannanase  and galactanase,  
respectively (Table 3). Highest mannanase  activities were 
produced by T. emersonii (49.2 U/ml), T. byssochla- 
mydoides (2.7 U/ml) and A. niger (2.7 U/ml) when pep- 
tone was incorporated as the nitrogen source. These ac- 
tivities were 69-150~o higher than those observed with 
the next best  nitrogen source. Maximum mannanase  was 
produced by T. terrestris (6.0 U/ml) and T. aurantiacus 
(1.5 U/ml) in media containing sodium nitrate,  and in,the 

latter case, no activity was observed when a complex 
nitrogen source was used. Relationship between nitrogen 
source and galactanase production was less clear except 
in the case of A. niger and, perhaps,  T. emersonii where 
highest activities were observed in media  containing 
sodium nitrate. 

The p H  optima for activity of the mannanases  and 
galactanases from the six fungi are presented in Table 4. 
Mannanase  pH optima were in the range 5.0-6.6 with the 
notable  exception of  the A. niger enzyme which had a pH 
optima of 3.2. A narrower  range (4.3-5.8) of pH optima 
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TAB LE 4 

pH optima for activity of mannases and galactanases 

Organism pH optima 

Mannanases Galactanases 

Talaromyces byssochlamydoides 
Talaromyces emersonii NRRL 3221 
Thielavia terrestris NRRL 8126 
Thermoascus aurantiacus ATCC 28082 
Sporotrichum cellulophilum ATCC 20493 
Aspergillus niger NRRL 337 

6.6 5.2 
6.0 4.0 
6.0 5.8 
5.0 4.2 
6.2 4.5 
3.2 4.3 

was observed for the galactanases. The effects of tempera- 
ture on mannanase and galactanase stability are illus- 
trated in Figs. 1 and 2 respectively. The mannanase from 
T. emersonii was most thermostable, retaining 100~o ac- 
tivity for 3 h at 60 ~ and 53~o activity after 1 h at 65 ~ 
While the enzyme from A. niger retained 91 ~o activity 
after 3 h at 60 ~ the enzyme was 80~/o denatured after 
1 h at 65 ~ T. terrestris produced the most thermostable 
galactanase, which retained 100~o activity for 3 h at 
60 ~ C. The biphasic nature of some of the stability curves 
may be due to multiple enzyme components having differ- 
ent stability properties or to the destruction of protective 
substances. 

DISCUSSION 

The results indicate that the fl-l,4-mannanase from 5 
of the 6 fungal strains examined is induced by the mannan 
containing substrate, locust bean gum, while mannose 
induced the enzyme from T. aurantiacus. In separate 
studies, we have likewise observed that locust bean gum 
induces production of mannanase by Bacillus brevis, 
B. polymyxa and B. subtilis whereas a variety of carbon 
sources, including glucose and glycerol, promoted man- 
nanase production by B. licheniformis [3]. Both inductive 
and constitutive mannanases have been reported [10]. 

fi-Mannosidase activity produced by all fungal strains 
was relatively low. McCleary [25] reported that fi-manno- 
sidase activity tends to be low in microbial cultures and 
is often unstable. Mannanase was produced by C. ligno- 
rum cultured on cellulose substrate [15] and the brown rot 
fungus, T. palustris, produced fl-D-mannanase when culti- 
vated on glucose [29]. The fl-D-mannosidase was pro- 
duced in cultures of T.fusiformis [33] and T. palustris [20] 
containing glucose as the carbohydrate source. The fl-D- 
mannosidase of A. niger was induced by mannose [12]. In 
general, fi-D-galactanases are inducible [10,13,36]. 

Mannanase produced by T. palustris had a low pH 
optimum (3.5-3.8), similar to theA. niger enzyme. The pH 
optima for the mannanases for R. niveus, B. subtilis and 
Aeromonas sp. were in the range 5.5-6.0, similar to the 
values for the enzymes for the five thermophilic fungi 
[1,13,19,20]. Based on our results, fungal galactanases 
generally have lower pH optima than mannanases. B. sub- 
tilis galactanase has a higher pH optimum of 6.0-7.0 [14]. 

It was noted that mannanase from T. emersonii was 
most thermostable, retaining 100~o activity at 60 ~ for 
3 h. Mannanase from Rhizopus niveus and Aeromonas sp. 
-F25 have temperature optima for activity of 40 ~ C [ 1,19] 
and appears to be considerably less stable than the man- 
nanases from the six fungi examined. Mannanase from 
B. subtilis, which is completely inactivated at 70 ~ after 
15 rain [13], is, therefore, less stable than the enzymes 
produced by the five thermophilic fungal species. A ther- 
mostable mannanase is also produced by Tyromyces 
palustris [20]. Additionally, T. emersonii produces un- 
usually thermostable cellulolytic enzymes [8,24,27] and 
T. aurantiacus and T. terrestris produce thermostable cel- 
lulases [39]. S. cellulophilum, T. byssochlamydoides and 
T. terrestris produce xylanases with temperature optima in 
the range 70-80~ [11,42]. T. aurantiacus produced 
highly thermostable arabanase and arabinosidase en- 
zymes [22]. 

The galactanase produced by B. subtilis had an opti- 
mum temperature for activity of 55-60 ~ C and was inacti- 
vated at 65-70 ~ within 15 min [14]. All of the galac- 
tanases described in this report were found to be more 
thermostable than this bacterial enzyme. Of the fungi 
examined, T. emersonii NRRL 3221 is probably the orga- 
nism to be examined further for commercial potential in 
production ofmannanase. Highest mannanase titers were 
observed in cultures of this strain and the enzyme mani- 
fested greatest enzyme stability. T. terrestris NRRL 8126 
was identified as a possible industrial source of galac- 



tanase. Highest galactanase activity and maximum ther- 
mostabil i ty were observed in culture filtrates of  this orga- 
nism. Further  comparat ive studies are required to confirm 
these conclusions. The more temperature  stable man- 
nanases and galactanases will now be purified and 
characterised.  
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