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Abstract 

Anaerobic granule nuclei enriched in either acidogens, syntrophic consortia, Methanosaeta spp. or Methanosarcina 
spp. were developed in four upflow bed filter reactors fed with sucrose, an ethanol/acetate mixture, acetate and 
methanol, respectively. The enrichment process was evaluated by scanning electron microscopy and by the change in 
trophic specific activities. The four developed granule nuclei presented different settling velocities: 3.2, 8.7, 10.5 and 
11.3 m hh’ for the acidogenic floes, the Methanosarcina-, the syntrophic consortia and the Methanosaeta-enriched 
nuclei, respectively. These velocities were related to the size and the ash content of the various aggregates. 
Acidogenic floes were relatively small in size (< 0.6 mm in diameter), compared to the other granule nuclei (up to 
1.2 mm in diameter). The ash content represented 60%, 40%, 30% and 16% for Methanosaeta-, Methanosarcina-en- 
riched nuclei, syntrophic consortia and acidogenic floes, respectively. Methanosaeta-enriched nuclei contained high 
amounts of Ca2+ (140 mg per g SS) compared to the other ones (l-8 mg per g SS). Acidogenic floes contained high 
amount of extracellular polymeric substances compared to the other types of nuclei. 
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1. Introduction 

The success of the upflow anaerobic sludge 
bed WASB) reactor and its derivatives in 
wastewater treatment depends upon the large 
accumulation of well settling bacterial aggregates 
referred to as anaerobic granules. Granule sizes 
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range from 0.1 to 7 mm in diameter and generally 
show high settling velocities (V,> ranging from 3 
to 60 m h-t (Ross, 1984; Macarie et al., 1992; 
Hulshoff Pal, 1989). 

Anaerobic granules grown on complex waste- 
water include a wide variety of bacteria pertain- 
ing to different physiological groups which assure 
the successive conversion steps from the primary 
substrate to the ultimate products such as 
methane and carbon dioxide. Organic compounds 
are first hydrolysed and then degraded by the 
acidogenic bacteria into carbon dioxide, hydrogen 
and reduced metabolites such as alcohols (i.e., 
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ethanol) and/or volatile fatty acids (VFA; i.e., 
acetate, propionate and butyrate). Further con- 
version of these metabolites to methane and car- 
bon dioxide requires three bacterial trophic 
groups: (a> the syntrophic acetogens, (b) the ace- 
totrophic methanogens, and cc> the hydrogeno- 
trophic methanogens. Anaerobic granules result 
from mutual auto-attachment of microorganisms 
as well as from their attachment to inert inor- 
ganic and organic support particles present in the 
seed sludge. 

Physico-chemical factors governing granulation 
have been extensively studied in the literature 
(e.g., pH, temperature, composition and concen- 
tration of organic compounds in wastewater, hy- 
drodynamics, presence of Ca*+ and production of 
extracellular polymeric substance (EPS) by the 
anaerobic bacteria; Grotenhuis, 1992; Hulshoff 
Pol, 1989). However, little information is avail- 
able regarding the influence of the microbial 
trophic groups on granules development. 

The anaerobic granule can be described 
schematically as a near-spherical biofilm consist- 
ing of three concentric layers, each one possess- 
ing different bacterial trophic groups (MacLeod 
et al., 1990; Guiot et al., 1991). The granule core 
consists of rod-shaped bacteria resembling 
Methanosueta spp. The middle layer, which con- 
sists of a large number of cocci and rod-shaped 
bacteria, is typically predominant in juxtaposed 
syntrophic bacteria. The external layer contains a 
variety of microorganisms, mostly acidogenic bac- 
teria but also Methanosarcina spp. 

The overall objective of this investigation is to 
identify, the role of each of the main trophic 
groups composing an heterogenous anaerobic 
consortium in the dynamics of the granulation 
process. The first phase of this research which is 
presented in this paper, was to develop and char- 
acterize four different types of aggregates com- 
posed of a limited assortment of microbial popu- 
lations by selective enrichment of heterogenous 
inocula. These aggregates are referred to as floes 
and granuIe nuclei, as the ultimate objective will 
be to test and compare their respective potential 
as granule precursors. They included: (1) acido- 
genie floes (AF); (2) syntrophic methanation nu- 
clei (SM); (3) Methanosarcina-enriched nuclei 

(MN); (4) Methanoseuta-enriched nuclei (MT). 
These four types of granule nuclei were then 
characterized physically, chemically and biologi- 
cally. 

2. Material and methods 

2.1. Reactors design and feed composition 

Experiments were performed using four up- 
flow sludge bed and filter (UBF) reactors. Each 
reactor consisted of a cylindrical glass tube with a 
working volume of 4.35 1. The top third of the 
reactors was filled with plastic rings floating be- 
low a screen, for the purpose of improving 
biomass retention (Guiot and Van den Berg, 
1984). The biogas exited from the top of the 
reactors. The influent to each reactor consisted 
of a combination of three different streams in- 
cluding the feed with the nutrients, the trace 
metals solution and the dilution water. The feed 
stream consisted of a concentrated synthetic 
wastewater, with a chemical oxygen demand 
(COD)/N/P/S ratio of about 100:2:0.4:0.2. Ap- 
propriate enrichment was assured by providing a 
carbon source in the feed stream, i.e., sucrose 
(446.5 g l-l>, acetate/ethanol mixture (40 and 
85.3 g l-‘, respectively), acetate (400 g 1-l) or 
methanol (127 g 1-l) for enrichment in acido- 
genie floes, syntrophic consortia plus 
methanogens, Methanosaeta-like species and 
Methanosarcina-like species, respectively. In each 
case the feed stream also contained nutrients (g 
I-‘): KH,PO,, 1.63; K,HPO,, 2.11; NH,HCO,, 
20.31; (NH&SO,, 1.55; yeast extract, 1.88. As 
Methanosarcina spp. are unable to use sulfate as 
sulfur source, (NH,),SO, was repiaced by sodium 
L-cysteine (2.06 g I-‘) as a reduced sulfur form in 
the feed of the reactor designed for the enrich- 
ment of nuclei into Methanosarcina-like species 
(Scherer and Sahm, 1981). The trace metals solu- 
tion (containing in mg 1-l: FeCl,. 4H,O, 2000; 
H,BO,, 50; ZnCI,, 50; CuCl, .2H,O, 40; MnCI, 
.4H,O, 500; (NH,),Mo,O,, * 4H,O, 500; AlCl,, 
30; CoCl,. 6H,O, 150; NiCl,. 6H,O, 100; CaCl, 
.2H,O, 15000; Na,WO,, 75; MgCl,. 6H,O, 
10000; Na,SeO,, 50; Na,C,,H,,O,N, (EDTA), 
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500; concentrated HCl, 1 ml 1-l) was added at a 
rate of 1 ml gg’ COD loaded. Supply of dilution 
water, an equimolar solution of sodium and 
potassium bicarbonate corresponding to 2.72 and 
3.47 g I-‘, respectively, was controlled to obtain a 
hydraulic retention time (HRT) of 24 h. Effluent 
recirculation was fixed in all reactors in order to 
be operated at an upflow liquid velocity of 1 m 
h- ’ which corresponded to a recirculation-to-feed 
ratio of 38. The reactors were operated at 35°C. 

2.2. Analytical methods 

Acetate, propionate, ethanol and methanol 
were determined by gas chromatography (Perkin 
Elmer, Norwalk, USA) using a flame ionization 
detector (200” 0. Glucose and sucrose were de- 
termined by HPLC equipped with a SP640XR 
refractive index detector (Spectra Physics SP8100, 
San Jose, CA, USA) and using 0.01 N H,SO, as 
solvent. The pH was measured with a combined 
TIT85 electrode (Radiometer, Copenhagen, 
Denmark). Chemical oxygen demand (COD), sus- 
pended solids (SS) and volatile suspended solids 
(VSS) were determined, according to Standard 
Methods (API% et al., 1989). 

2.3. Granule specific activity 

Specific metabolic activities of the biomass 
were determined by measuring the rate of uptake 
of a given substrate (glucose, acetate, propionate, 
ethanol or methanol), as the sole carbon source 
in non-limiting concentration (Guiot et al., 1986). 
Tests were conducted under anaerobic conditions 
in serum bottles incubated at 100 rpm (G24 
shaker, New Brunswick Scientific, Edison, NJ, 
USA) and 35” C. The procedure for hydrogen 
activity was similar, but was obtained by measur- 
ing the H, depletion rate, with H, and CO, as 
sole gaseous substrates in non-limiting concentra- 
tions, in bottles agitated at 400 rpm. 

2.4. Physical characterization of granules 

Particle size distribution of granular sludge 
was measured on a representative sample of 
granules with a stereomicroscope (WILD Heer- 

brugg, Switzerland), coupled to a Quantimet Q520 
Image Analysis System (Cambridge Instrument 
Ltd., Cambridge, UK) which determined the 
equivalent diameter of each granule. 

Sludge volume index @VI) was determined 
according to Standard Methods (APHA et al., 
1989). Maximum settling velocity was calculated 
from the steepest slope of the settling curve ob- 
tained during SVI determination. 

Inorganic composition of the granules was de- 
termined by atomic absorption spectrophotome- 
ter (Model A1275, Varian, Springvale, Australia). 
The samples for atomic absorption spectropho- 
tometry were prepared according to Standard 
Methods (APHA et al., 1989). 

2.5. Extraction and characterization of extracellu- 
lar polymeric substances 

Many attempts to extract and quantify sludge 
extracellular polymeric substances (EPS) have 
been made because of their involvement in bioag- 
gregation. Several chemical and physical methods 
have been developed. The physical ones are usu- 
ally recognized as being more effective and in- 
clude, among others, steaming, boiling, high-speed 
centrifugal stripping, ultrasonication, heated 
blending (Brown and Lester, 1980; Gehr and 
Henry, 1983). The latter one was used to extract 
water soluble EPS from the granules. 30 ml of 
each granule type were washed with buffer solu- 
tion (pH 7.2 and 0.1 M). Granules were then 
diluted with buffer solution and gently disinte- 
grated (Kinematica, probe PT 10-35, Luzern, 
Switzerland) during 30 s. The suspension was 
then incubated at 20°C and shaken at 400 rpm 
(G24 shaker, New Brunswick Scientific Co., Edi- 
son, NJ, USA) during 20 h. After incubation, the 
suspension was centrifuged at 10000 rpm during 
10 min (BeckMN, Model J2-21M, CA, USA). 
Subsequently, the supernatant which contained 
the extracted and solubilized EPS, was analyzed 
for total organic matter content (as COD), total 
sugar and DNA. COD was converted into total 
organic material considering that heterogenous 
organic material from biological origin represents 
1.33 g COD per g on average (Reels, 1983). The 
pellet was used to determine the VSS content. 
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Normally extracellular material does not contain 
DNA and therefore DNA measurement is used 
to gauge the extent of cell disruption resulting 
from the extraction technique. Carbohydrates, 
DNA and proteins were determined colorimetri- 
tally at 490 nm, 600 nm and 562 nm according to 
the methods of Dubois et al. (19561, Burton (1955) 
and Smith et al. (19851, respectively, by using a 
spectrophotometer (Model DU-7, Beckman In- 
struments, Irvine, CA, USA). 

2.6. Scanning electron microscopy 

For scanning electron microscopy @EM) anal- 
yses, the washed aggregates were fixed overnight 
at 4” C in a solution of 5% glutaraldehyde in 
anaerobic cacodylate buffer (0.1 M, pH 7.2). The 
granules were first frozen in liquid nitrogen and 
then cleaved in a mortar with a pestal. Dehydra- 
tion of the broken granules was achieved by pass- 
ing the aggregates through graded water-ethanol 
and ethanol-trichlorofluoroethane solutions. The 
samples were fixed on aluminum specimen 
mounts, coated with gold-palladium and exam- 
ined with a Hitachi S-450 scanning electron mi- 
croscope operated at an accelerating voltage of 
15-20 kV. 

3. Results 

3.1. Enrichment procedure 

UBF reactors used for granule enrichment in 
either Methanosaeta spp., Methanosarcina spp. or 
syntrophic consortia were inoculated with 3 1 of 
granular biomass containing 34.7 g VSS per 1 
obtained from a laboratory-scale UBF reactor 
treating sucrose wastewaters. These reactors were 
started at a specific organic loading rate (SOLR) 
of 0.2 g COD per g VSS per d over a period of 
11-13 months. To enrich the granules into syn- 
trophic consortia or into Methanosarcina-like 
species, the SOLR was stepwise increased as 
soon as depletion of the primary substrate was 
attained. 

Methanosarcina spp. have a higher growth rate 
than Methanosaeta spp. while the latter have a 

higher affinity for acetate. The half saturation 
constants, K,, of Methanosaeta and 
Methanosarcina, are 42 and 300 mg l-‘, respec- 
tively (Brummeler et al., 1985). Methanosaeta spp. 
thus out-competes Methanosarcina spp. at an ac- 
etate concentration below 150 mg 1-l. Hence, in 
order to selectively produce nuclei enriched in 
Methanosaeta-like species, the SOLR of the ac- 
etate-fed reactor was increased stepwise while 
preventing the acetate concentration in the efflu- 
ent to exceed 150 mg l- ‘. Substrate removal 
efficiencies were obtained by VFA analyses in the 
effluent of reactors producing syntrophic metha- 
nation nuclei (SM) and Methanosaeta-enriched 
nuclei (MT) and by methanol analyses for the 
reactor producing Methanosarcina nuclei (MN). 
No VFA was ever detected in the methanol-fed 
reactor. Methanol was not converted to methane 
via intermediate metabolites such as fatty acids, 
but was directly methanized as reported earlier 
(Lettinga et al., 1979). The SM, MT and MN 
reactors showed a removal efficiency higher than 
95%. The acidogenic enrichment reactor was in- 
oculated with 3 1 of suspended biomass contain- 

0 I I .1 
AF SM MT MN 

n l-l 2 mm 

0 0.6.lmm 

0 0.2-0.6 mm 

0 i 0.2 mm 

Fig. 1. Granule size distributions. AF = acidogenic floes, SM 

= syntrophic methanation nuclei, MT = Methanosaeta nuclei, 
MN = Methanosarcina nuclei. 
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Physical and chemical characteristics of the different granule-nuclei 

Type of 
granule-nuclei 

PI-I =bed ash SW K Carbohydrates Proteins DNA 
(g 1-t) (%I (ml per g SSI (m h-t) (mg per g VSS) (mg per g VSS) (mg per g VSS) 

AF 5.6 102 16 12.1 3.2 841.1 f 8.4 68.2 f 0.8 5.9 + 0.04 
SM 7.4 37 30 20.4 10.5 126.9 f 13.5 459.2 + 44.8 25.1 + 0.2 
MN 7.3 36 40 23.3 8.7 85.5 f 0.9 465.2 + 1.3 27.0 + 0.3 
MT 8.1 70 60 14.1 11.3 158.5 + 7.8 413.4 f 0.3 25.6 f 0.2 

SVI = sludge volume index; SS,., = suspended solids of the bed at rest; V, = settling velocity; VSS = volatile suspended solids. For 
AF, SM, MN and MT, see cap&r of Pig. 1. 

ing 22.8 g VSS per 1 provided from a laboratory- 
scale acidogenic UBF reactor treating sugar efflu- 
ents. The selection pressure for the acidogen 
enrichment was obtained by applying a high 
SOLR which ranged between 3 and 5 g COD per 
g VSS per d. The pH of the reactor was main- 
tained at 5.5 using NaOH 5 N. Acidogenic en- 
richment was performed over a period of 2 
months. 

3.2. Physical and chemical characteristics of the 
nuclei 

Particle size distribution showed that the AF 
are relatively small ( < 0.6 mm in diameter), while 
more than 50% of the other enriched nuclei had 
a diameter greater than 0.6 mm (Fig. 1). About 
30% of the SM showed a diameter between l-l.2 
mm compared to 16% and 6% of MT and MN, 

Table 2 
Inorganic composition of the various granule-nuclei (mg per g 
SS) 

AF SM MN MT 

Mn 0.16 0.317 0.375 5.42 
Ni 0.043 0.264 0.263 0.292 
Co 0.087 0.594 0.31 0.69 
Zn 0.033 0.51 0.35 0.355 
cu 0.212 0.317 0.173 0.172 
Fe 0.43 8.3 5.3 11.3 
Mg 3.7 15.1 23.3 58.5 
Ca 0.98 7.8 6.9 140 
MO nd 0.69 0.6 0.33 
Al nd 0.5 0.175 1.1 
N 29 103 114 56 
P 4.5 4.2 5.3 2 

nd = not detected; SS = suspended solids. 
For AF, SM, MN and MT, see caption of Fig. 1. 

respectively. The sludge volume index (SVI) of 
the different nuclei were low, indicating good 
sedimentation properties. This was in accordance 
with the settling velocity <IQ except for the AF 
(Table 1). 

The ash content of the AF was 16%, which 
was low compared to the 30, 40 and 60% values 
of the SM, MN and MT, respectively. The varia- 
tion in ash content was probably due to the 
different pH values observed during the various 
enrichment processes (Table 1) since alkaline pH 
caused more inorganic precipitates. The inor- 
ganic composition of the various granules devel- 
oped is illustrated in Table 2. MT showed high 
amount of calcium, magnesium and iron (140, 
58.5 and 11.3 mg per g SS, respectively). This 
explains the large MT content in ash which might 
be composed of calcium, magnesium and ferrous 
precipitates. Trace elements (Ni, Co, Zn and MO) 
were detected in small amounts in the various 
floes and nuclei. 

Total proteins, total carbohydrates and DNA 
content of the SM, MT and MN (Table 1) were 
within the same order of magnitude as that gen- 
erally reported in microbial cells (SO%, 10% and 
3% based on total dry weight, respectively; 
Lehninger, 1982). In contrast, total carbohydrates 
of AF accounted for about 84% of the biomass 
organic matter. Accordingly, the relative content 
of protein and DNA of AF were lower. 

3.3. Quantification of extracellular polymeric sub- 
stances 

EPS yield of AF represented about 21.7% 
(EPS: total VSS ratio) which was higher com- 
pared to 3.5%, 4.2% and 2.7% of SM, MT and 
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Table 3 

Extracellular polymers quantification 

Type of EPS F DNA Carbohydrates: 
granule-nuclei tmg per g VSS) (%l EPS (%l 

Proteins: 

EPS (%l 

AF 216.5 k 0.5 5.3 84 7 

SM 35.2 1.2 12 41 

MT 42.2 + 0.4 4.8 19 43 

MN 26.6 6.1 21 64 

F oNA = DNA content of EPS extracted as a percentage of the total DNA of the biomass. 

EPS = as total extracted organic material calculated from COD measurement of the water soluble extract divided by 1.33 g COD 

per g. 
VSS = volatile suspended solids, 

For AF, SM. MN and MT, see caption of Fig. 1. 

MN, respectively (Table 3). Relative DNA con- 
tent of EPS extract of the four developed nuclei 
represented 1.2 to 6.1% of total DNA, indicating 
that the EPS extraction technique yielded mini- 
mum cell damage. This means that little, if any, 
intracellular material was accounted for in the 
EPS values. The main component of EPS from 
syntrophic and methanogenic nuclei was protein, 
ranging from 41 to 64% of EPS, while carbohy- 
drates represented only 12 to 21% of EPS. In 
contrast, 84% of the EPS from AF were com- 
posed of carbohydrates, plausibly polysaccha- 
rides. 

3.4. Biomass specific actiuities 

In order to assess the enrichment of the gran- 
ules in different trophic groups, a series of spe- 

cific metabolic activity tests were performed. Spe- 
cific activity tests provide the rate of depletion of 
a given substrate by the biomass taken up from 
the reactor. The activity value is used as an 
indicator of the anaerobic active biomass portion 
consisting of the trophic group related to the 
substrate used in the test, i.e., glucose for acido- 
genie reactors, propionate and ethanol for syn- 
trophic acetogens, acetate for acetotrophic 
methanogens, Hz/CO, for hydrogenotrophic 
methanogens and methanol for methylotrophic 
methanogens. In the case of the AF and because 
of their high carbohydrate content, the results of 
the specific metabolic activity tests obtained were 
corrected for their protein content (Table 1) as- 
suming that proteins represent about 50% of the 
cell dry weight (Lehninger, 1982). With this cor- 
rection, the AF specific metabolic activity values 

Table 4 

Biomass specific activities 

Type of granule-nuclei Substrates (mg substrate per g VSS per d) 

glucose acetate propionate ethanol methanol H2 

Inoculum 1 2400 0 0 nd nd 0 

AF (SD) 1151 (46) - 39 (9.0) 5 (21 - 55 (14) 96 (2) 0.3 (0.2) 
AF’ (SD) 8465 (337) - 287 (67) 34 (13) - 407 (104) 704 (18) 2 (1) 
Inoculum 2 14500 373 39 nd nd 313 
SM (SD) 139 (0.2) 3181 (348) 50 (101 3633 (49) 202 (31 388 (49) 
MN (SD) 150 (45) 40 (1101 22 (2) 527 (19) 1683 (192) 262 (2) 
MT (SD) 81 (40) 2108 (60) 6 (241 -8 (11) - 35 (28) 15 (10) 

nd = not determined; SD = standard deviation; VSS = volatile suspended solids; AF * = AF specific activities values corrected for 
their proteins content assuming that proteins represent about 50% of the VSS. 

Inoculum 1 has been used to produce granules enriched in AF. 

Inoculum 2 has been used to produce granules enriched in either SM, MN or MT. 
Negative values corresponded to production as opposed to degradation of the substrate. 

For AF, SM, MN and MT, see caption of Fig. 1. 
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become more representative of the amount of 
acidogenic bacteria comparatively to the other 
nuclei. After 2 months of enrichment, the trophic 
group of glucose degraders was dominant in AF, 
over the syntrophic and the methanogenic groups 
(Table 4). Acidogenic bacteria (glucose de- 
graders) were reduced by a factor of about 100 
after 11-13 months in granules enriched in either 
SM (grown on ethanol/acetate mixture), MN 
(grown on methanol) or MT (grown on acetate). 
SM showed significant activities of acetoclastic 
methanogens (3181+ 348 mg acetate per g VSS 
per d) and acetogenic bacteria (3633 + 49 mg 

ethanol per g VSS per d), respectively. Relatively 
high levels of H, activity were maintained in SM 
and MN nuclei (388 f 49 mg H, per g VSS per d 
and 262 f 2 mg H, per g VSS per d, respectively) 
because hydrogenotrophic methanogens are obli- 
gate partners of the consortium required for 
ethanol degradation and because most of 
Methanosarcina spp. can also use H, (Brummeler 
et al., 1985). On the contrary, H, activity was 
virtually reduced to nil in MT compared to that 
of the inoculum. This indicates that MT nuclei 
were effectively enriched in Methanosaeta spp. as 
they use exclusively acetate as carbon source. 

Fig. 2. Scanning electron micrographs of granule-nuclei. (A) Methanol grown nuclei showing cocci bacteria resembling 

Methanosarcina spp. (B) Acetate-grown nuclei showing rod-shaped bacteria resembling Metharwsaeta spp. and a few cocci bacteria 

resembling Methanosarcina spp. (CT) Ethanol/acetate-grown nuclei showing a wide variety of bacteria. (D) Sucrose-grown floes 

showing an abundant EPS matrix in which a few rod-shaped bacteria are embedded. Bar = 5 km. 



24h R. El-Mamouni et al. /Journal of Biotechnology 39 (1995) 239-249 

Consequently MT exhibited, at the end of the 
enrichment course, a high acetate degradation 
rate of 2108 ( k 60) mg per g VSS per d compared 
to 373 mg per g VSS per d in the inoculum. The 
residual activity on glucose and propionate, ob- 
served in all cases, can be explained by the addi- 
tion of yeast extract which contains carbohydrates 
and propionate (Halasz and Lasztity, 1991). 

3.5. Structure of the granules 

Scanning electron micrographs allowed for 
morphological differentiation of, 
Methanosarcina-like bacteria, Methanosaeta-like 
bacteria, syntrophs and acidogens. Only cocci-type 
bacteria were found in the methanol granular 
sludge (Fig. 2A). Since the cocci methanogenic 
bacteria able to use methanol, as carbon source, 
have been isolated from saline environment or 
are from the Methanosarcina genera, the cocci 
observed are attributed to Methanosarcina spp. 
Rod-shaped bacteria resembling Methanosaeta 
spp. were abundant in acetate granular sludge 
(Fig. 2B), but some cocci-type bacteria were also 
observed in the acetate granules, indicating the 
presence of a few acetoclastic bacteria resembling 
Methanosarcina spp. Ethanol/acetate granular 
sludge showed a great variety of bacterial mor- 
phological types (rod-shaped, filament and cocci- 
type bacteria), indicating the presence of a multi- 
tude of organisms necessary for the syntrophic 
breakdown of ethanol (Fig. 2C). Rod-shaped bac- 
teria of AF were abundantly embedded in a thick 
matrix of EPS (Fig. 2D). This clearly supports the 
large EPS yield of the AF determined by extrac- 
tion (Table 3). 

4. Discussion 

Long-term feeding of similarly inoculated re- 
actors with different specific substrates resulted 
in anaerobic nuclei enriched in either acidogens, 
syntrophs, Methanosaeta spp. or Methanosarcina 
spp. Specific activity data in each type of nuclei 
confirmed quantitatively that nuclei had devel- 
oped along with an effective enrichment process 
(Table 4). For instance, the rates of acetate and 

methanol degradation were high in acetate and 
methanol grown nuclei, respectively. This corrob- 
orates the SEM micrographs which show that 
Methanosaeta spp. and Methanosarcina spp. were 
predominant in the acetate grown and methanol 
grown nuclei, respectively (Fig. 2A and B). The 
ethanol/acetate-grown nuclei showed high activi- 
ties of acetoclastic, acetogenic and hy- 
drogenotrophic bacteria. This indicates the pres- 
ence of a wider variety of organisms within the 
SM, yielding a high conversion rate, compared to 
other granule nuclei. Aggregation provides syn- 
trophic bacteria the advantage of enhancing the 
transfer of acetate and H,, since a close associa- 
tion of syntrophic fatty acids degraders and 
methanogens, which eliminate intermediary 
metabolite inhibition, is achieved (Stams et al., 
1989). 

The different granules selected varied widely 
in ash content as well as in inorganic composi- 
tion. The ash amount of the AF was the lowest 
compared to the SM, MN and MT. Such varia- 
tion in ash content was attributed to the different 
pH values observed in each reactor. Alkaline pH, 
resulting from conversion of VFAs to methane by 
microbial aggregates, causes the precipitation of 
inorganic salts. Relatively high amount of ash 
would accumulate in SM and methanogenic nu- 
clei (MN and MT) because of methanogenesis 
from VFAs. Mineral analysis showed that MT 
contained large amounts of calcium, magnesium 
and iron (140, 58.5 and 11.3 mg per g SS, respec- 
tively), probably due to an accumulation of cal- 
cium carbonate, magnesium carbonate and fer- 
rous sulfate precipitates, respectively. These pre- 
cipitates may function as inert supports for bacte- 
ria and consequently not only increase the density 
of granules but also stimulate and stabilize the 
adhesion of bacteria within the granule (Lettinga 
et al., 1980; Hulshoff Pol et al., 1983; Dolfing et 
al., 1985; Mahoney et al., 1987; Fukuzaki et al., 
1991a). 

The enriched nuclei exhibited a low sludge 
volume index (SVI) and a linear relationship be- 
tween SVI and settling velocity (V,) was observed, 
except for AF which presented the lowest V, of 
3.2 m h-’ (Table 1). A positive correlation be- 
tween the ash content and the density of granules 
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was reported by Hulshoff Pol et al. (1986). Hence 
this explains that AF sedimentation velocities de- 
creased as their ash content and size are smaller 
compared to the other enriched nuclei, since 
according to Stokes law, the settling velocity is 
dependent upon the density and the size of the 
particles. Also the correlation between granule 
size and settling velocities observed in our study 
is consistent with Stokes law (Fig. 1 and Table 1). 

(1987). However, the major component of EPS 
from syntrophic and methanogenic nuclei was 
protein. The prevalence of protein fractions in 
syntrophic and methanogenic sludge EPS have 
been previously reported by many investigators 
(Forster, 1982; Ehlinger et al., 1987; Karapanagi- 
otis et al., 1989; Fukuzaki et al., 1991a; Groten- 
huis, 1992). 

Extracellular polymeric substances (EPS) origi- 
nate from biological synthesis and are localized 
on the outer surface of bacteria. The yield of EPS 
has been reported to be strongly affected by the 
carbon source and/or the variety of the granule 
micro-flora (Morgan et al., 1990). AF exhibited 
higher EPS yield compared to the methanogenic 
nuclei (SM, MN and MT). This is compatible 
with earlier data indicating the high ability of AF, 
compared to methanogenic bacteria, in producing 
EPS (Fukuzaki et al., 1991b). Furthermore, the 
use of carbohydrate as carbon source, to select 
the AF may stimulate the production of EPS, a 
suggestion supported by Ehlinger et al. (1987). 
The high EPS yield of the AF was corroborated 
by SEM observations which revealed that slime 
materials like EPS were selectively present around 
some rod-shaped bacteria in AF. These slime 
materials were not observed in methanogenic nu- 
clei (SM, MN and MT). 

5. Conclusions 

It is of interest to note that of the 84% carbo- 
hydrate portion of the total biomass of AF, 18% 
only is of extracellular origin. The balance, which 
has evidently to be intracellular material, corre- 
sponded to 80% of the cell mass, when calculated 
as follow: (total carbohydrates - extracellular car- 
bohydrates) per (total biomass - total EPS). As 
10% of the cell constitutive material are usually 
recognized to be carbohydrates (Lehninger, 19821, 
about 70% of the AF cell content must consist of 
intracellular reserve, probably of polysaccharidic 
nature. These internal reserves might be related 
to the presence of the high proportion of carbo- 
hydrates in the feed solution which resulted in 
high glycogen-like polysaccharide storage (Takii, 
1979). 

The present study shows that the four nuclei 
produced were different physically, chemically 
and biologically. Floes consisting of a large popu- 
lation of acidogens showed higher EPS content, 
whereas syntrophic consortia and methanogens 
nuclei showed higher ash and mineral content. 
Methanosaetu-enriched nuclei contained large 
amounts of Ca2+. Syntrophic consortia showed 
high methanogenic activities and presented a 
wider variety of bacterial trophic groups. Bacte- 
rial aggregation into granules remains an open 
question, the type of granule nuclei present in the 
inoculum sludge used for the start-up is of prime 
importance for the development of stable anaero- 
bic granule. Further investigations are going on 
by our research team to evaluate the relative 
importance of acidogens, syntrophs, Methanosuetu 
spp. and Methunosurcinu spp. in the dynamics of 
granulation process, using the nuclei actually de- 
scribed as precursors of complete consortium 
granule. The purpose of these investigations is to 
identify which microbial population group is ex- 
erting the more effective role in nucleating anaer- 
obic granules. Because the SM contain the rate- 
limiting fatty acids degrading syntrophic species, 
they might be anticipated as the most effective 
nuclei for initiating granulation, a hypothesis sup- 
ported by Guiot et al. (1988) and Thiele et al. 
(1989). 
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