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Abstract

Samples from laboratory-scale activated sludge systems operating under specific conditions which differ in phosphate-removing
capabilities were obtained from the University of Cape Town. Thetotal protein content of samples of these systemswas used and
the proteins separated with SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Analysis of the total proteins was employed
as afingerprint to type and compare the diversity of the bacterial communities of P-and N-removing systems. Samples of six
activated sludge systems (three N- and P-removing and three N-removing) were usedin thisstudy. Protein profilesindicated ahigh
(>70%) correlation for all the systems. No difference was observed in the protein profiles of the bacterial communities of N- and
P-removing or N-removing systems. We can therefore conclude that the same bacterial communities were present in P- and N-

removing systems.

Abbreviations

BPR biological phosphorus removal

EBPR enhanced biological phosphate removal

LMG Laboratorium voor Microbiologie Gent Culture
Collection, State UniversityGent, Belgium

N nitrogen

P phosphorus

SDS-PAGE sodium dodecy! sulphate polyacrylamide
gel electrophoresis

University of Cape Town

unweighted pair group method of arithmetic
averages

UCT
UPGMA

Introduction

Biological phosphorus removal in activated sludge is of interest
dueto low sludge production and the fertiliser value of the sludge
(Henze, 1996). Substantial savings are also achieved through
biological, rather than chemical P-removal (Toerien et al., 1990).

Biological phosphorus removal can be performed by arather
broad group of micro-organisms referred to as the phosphate-
accumul ating organisms(PA Osor polyP-organisms) (Henze, 1996).
The micro-organisms responsible for biological phosphorus re-
moval are still partly unknown with respect to taxonomy, but we
know that they are present in al biological wastewater treatment
processes, athough not necessarily showing any biological
P-removal activity, until being activated (Henze, 1996). Optimisa-
tion of enhanced P-removal processes therefore depends on a
compl eteunderstanding of theecophysiol ogy of poly-Porganisms.

The mechanism of enhanced P-removal in activated sludge
systems must therefore depend on agroup of organisms (the poly-
P organisms) which in nature are favoured by fluctuating condi-
tions of aerobiosis-anaerobiosis. Their selective advantages re-
quire: their presence; aternating aerobiosis-anaerobiosis; degra-
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dable organic matter which can be fermented by acidogenic bacte-
rig; and the presence of asufficient quantity of Pto allow uptake of
fatty acids during anaerobiosis and P-uptake during aerobiosis
(Toerien et a., 1990). However, the precise role of the consortia
of micro-organisms of enhanced P-removal in activated sludge
systems has not yet been clarified.

The bacterial genome contains information involved in the
production of some 2 000 proteins, which function either enzy-
matically or structurally (Kersters, 1990; Priest and Austin, 1993).
Electrophoresisof thetotal cellular proteinsinpolyacrylamidegels
(PAGE) provides a partia separation in which individual bands
mostly represent several proteins (Kersters, 1990). Thiscomplex
pattern represents a “fingerprint” of a specific strain (Priest and
Austin, 1993; VanDammeet al., 1996). Previously thistechnique
has been used for comparativetaxonomical studies. Morerecently
sodium dodecy! sulphate (SDS) PAGE has found application for
use in comparative studies of environmental samples such as
activated dudge (Ogunseitan, 1993).

Expression of genes in micro-organisms correlates with a
variety of environmental stimuli, ranging from the presence of
particul ar nutrientsto changesin the physical-chemical conditions
(Ogunseitan, 1993). Until now no direct method was available to
analysethe protein products of gene expressions of environmental
samples (Ogunseitan, 1993).

Protein electrophoresisis asensitivetechnique, yielding valu-
able information on the similarity or dissimilarity amongst bacte-
ria cultures. Thismethod could therefore possibly also be used to
determinethesimilarity or dissimilarity between different environ-
mental samplescontaining micro-organisms. SDS-PAGE of whole-
cell soluble proteins, prepared under standardised conditions,
produces acomplex banding pattern (called aprotein electrophore
gram or el ectrophoretic protein pattern), which isreproducibleand
can be considered as a “fingerprint” of the sample investigated
(Kersters, 1990). The resulting protein profiles after SDS-PAGE
could possibly lead to the better understanding of thediversity and
dynamicsof themicrobial communitiesof P-removing and non-P-
removing activated sludge systems, since this would indicate
similarity or dissimilarity in those samples. Thiswould indicate
whether adifference existed in the microbial community structure
between P-removing, non-P-removing and N-removing systems.
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Due to the problems derived when using culture-dependent
methods, the direct extraction of proteins and their analysis was
used to elucidate the possible difference between the microbial
community structureof P-removingand non-P-removing activated
dludge systems.

Materials and methods
Sampling

Samples were taken from six activated sludge systems of the
University of Cape Town (UCT). These systems were operated
under specific controlled conditions. Three UCT type systemsfor
N- and P-removing (ML: operated at 20°C with supplement of
unstabilisedlandfill leachate; M S: operated at 20°Cwithout | eachate;
MT: operated at 30°C) and three modified Ludzack Ettinger
(MLE) N-removing (HM: operated at 30°C; PW': operated at 20°C;
MU: operated at 20°C) were analysed. Thethree P-removal UCT
configurationsaso removed N. A total of at least four samples of
each systemwerereceived at monthly intervals (Juneto November
1996). The systems treated raw municipal wastewater from
Mitchells Plain Treatment Plant (Cape Town, South Africa),
diluted with tap water to a selected COD concentration (Table 1).
Theselaboratory-scal e systemswere operated under constant flow
and load, sludge ages, recycles, reactor volumes, etc.

Sample preparation

The following method for the separation of the
bacterial cells from the activated sludge flocs was
developed during this study

Protein extractions were carried out with the use of different
centrifuging and buffer-washing steps. 100 m¢ activated sludge
samples and 70 g glass beads were homogenised for 10 min. The
supernatant was centrifuged for 15 minat 1000 r-min (24 g) ina
Hermle 360 K centrifuge. The supernatants were pelleted by
centrifuging for 15minat 7000 r-min?. Pelletswere resuspended
in2m¢ 40 mM TrispH 7.4. Onem¢ of percoll (Merck) was added to
each sample, mixed and centrifuged for 10 min at 12 000 r-min'?
inthe Eppendorf rotor of theHermle 360K centrifuge. Thepercoll
band wasextracted from each samplewithasyringe. Sampleswere
washed 3 timeswith 0.2 M TrispH 7: 0.8% NaCl and centrifuged
each time for 10 min at 12 000 r-min’! to remove the percoll.

Polyacrylamide gel electrophoresis of proteins

Extraction of proteins from activated sludge samples
Thewholecell protein extractionsfor SDS-PAGE were performed
as described by Dagutat (1990). Samples were washed 3 times
in 0.2 M phosphate buffer (pH 6.88) and centrifuged for 8 min at
12000 r-min. 75 of sampletreatment buffer (STB)[0.5M Tris-
HCl pH 6.8, 5% (v/v) 2-R-mercaptoethanol (BDH), 10% (v/v)
glycerol (Merck), and 2% (m/v) SDS(Univar)], wereadded toeach
pellet and heated for 5 min at 94°C. Cell pellets were kept onice
and cellswere ruptured by sonication using a Cole-Parmer Ultra-
sonic Homogeni ser (Series4710) at 50% maximum output (40 W)
for upto45 susing 15 spulses. The second volume of 75u¢ sample
buffer was added and mixed. Cell debriswere removed by centri-
fugingat 12000 r-min*for 8 min. Theclear supernatant wasstored
at -20°C until required.
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Standard conditions for SDS-PAGE

SDS-PAGE was performed by the method described by Laemmli
(1970), modified according to Kiredjian et a., (1986). Proteins
were separated on gels (1.5 mm thick and 125 mm long) runin a
Hoefer SE600 dual-cooled vertical dlab unit. The separation gel
(12%, 1.5M Tris-HCI pH 8.66, conductivity 16.5mS) and stacking
gel (5% 0.5 M TrissHCl pH 6.6, conductivity 28.1 mS) were
prepared from monomer solution containing 29.2% (m/v)
acrylamide (BDH Electran) and 0.8% (m/v) N*-N*-bismethylene
acrylamide (BDH Electran). Electrophoresiswas performed at a
constant current of 30 mA through the stacking gel, and at 60 mA
throughtheseparationgel at 10°C. After electrophoresis, gelswere
stainedfor 1hinaCoomassieBluesolution[12.5% (v/v) Coomassie
Blue stock solution, 50% (v/v) methanol (UniVar) and 10% (v/v)
aceticacid (UniVar) prepared froma2% (m/v) CoomassieBrilliant
BlueR (Unilab) stock solution. After staining gelswere destained
overnight in a solution containing 25% (v/v) methanol (UniVar)
and 10% (v/v) acetic acid (UniVar).

Analysis of protein patterns

The protein profiles were analysed with a Hoefer GS300 densito-
meter. Data obtained were directly stored on a computer and
analysed with the GelCompar 4.0 programme (Applied Maths,
Kortrijk, Belgium). The programme cal cul ated the Pearson prod-
uct moment correlation coefficient (r) between the samples, and
clustered the samples using the unweighted pair group method of
arithmetic averages (UPGMA). Psychrobacter immobilis LMG
1125 wasused asreference pattern on each gel. Reproducibility of
electrophoresis was determined by comparing these tracks with a
P. immobilis protein profile selected in the Gel Compar 4.0 pro-
gramme as standard. A relationship of >90% between gels was
considered acceptable for reproducible gels.

Results and discussions

Theprotein profilesasrepresentedin thedendrogram weredivided
into four mgjor clusters namely Sections| to IV (Fig. 1). Section
| consisted of 56 sampleswhichwere60%related. Thissectionwas
further dividedinto 3 groups(GroupsAtoC). Group A, witha72%
correlation, representing 18 samples, consisted of protein profiles
of both N- and P-removing and N-removing systems. This group
was further subdivided into four groups (Subgroups 1 to 4).
Subgroup 1, with an 84% correl ation, consisted of 4 sampleswhich
represented samples from the N- and P-removing systems. Sub-
group 2, also with a 84% correlation, representing 8 samples,
represented acombination of N- and P-removing and N-removing
systems. Subgroup 3, with only three samples, al from the N- and
P-removing system, showed a88% correlation. Subgroup 4, with
94% correlation consisted of three samples, from N- and P-
removing and N-removing systems. Group B, with a 75% corre-
lation, was subdivided into three groups. Subgroup 1, included 10
samplesfrom N- and P-removing and N-removing systems, with a
88% correlation. Subgroup 2, representing 11 sampleswith a81%
correlation, represented both N- and P-removing and N-removing
systems. In Subgroup 3, representing 3 samples from N- and P-
removing and N-removing systems, a 87% correlation was ob-
served. Group C, showed a 95% similarity and represented 13
samples from both the N- and P-removing and N-removing sys-
tems. However, virtually no proteinbandswereobserved. Thiscan
be ascribed to a problem with sample taking or preparation of
extracts since the datain Table 1 indicated that the systems were
operating successfully.
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Figure 1
Dendrogram of the electrophoretic patterns of N- and P-removing and N-removing activated sludge
samples of the anaerobic, anoxic and aerobic zones (UCT), based on UPGMA analysis of the
correlation coefficients (r) of the protein patterns
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TABLE 1
PHOSPHORUS CONCENTRATIONS AND CHEMICAL ANALYSIS (mg-¢') OF THE
DIFFERENT ZONES OF THE UCT LABORATORY-SCALE ACTIVATED SLUDGE
SYSTEMS (JUNE TO NOVEMBER 1996)
System Date coD AP A-P/ Anaer- | Anoxic | Aerobic
COD,, obic
HM 27/5 720 4.36 0.0061 14.48 10.37 10.12
(30EC) 17/7 679 4,92 0.0072 15.28 10.93 10.36
11/8 665 4.47 0.0067 13.86 9.71 9.39
12/9 686 4.69 0.0068 14.28 10.07 9.59
16/10 705 3.00 0.0043 14.32 11.82 11.32
7/11 672 4.64 0.0069 15.14 11.14 105
ML 12/8 767 16.17 0.0218 37.89 18.27 6.52
(20EC) 17/10 760 18.48 0.0243 39.30 19.83 557
+ leachate | 28/11 789 19.64 0.0249 49.60 25.40 4.82
MS 28/5 663 9.61 0.0145 20.80 11.29 6.07
(20EC) 12/8 629 9.09 0.0145 25.17 17.30 13.71
- leachate | 17/10 607 10.48 0.0173 25.31 17.75 13.46
8/11 666 16.10 0.0242 38.05 21.62 10.35
MT 27/5 720 8.46 0.0118 16.46 8.77 6.02
(30EC) 1717 679 7.43 0.0109 16.73 9.42 7.85
11/8 665 8.94 0.0134 16.66 7.89 4,92
17/9 686 10.29 0.0150 23.10 9.92 4.49
16/10 705 9.58 0.0136 24.49 11.06 4,74
7/11 672 13.45 0.0200 23.96 7.84 1.69
MU 28/5 458 2.75 0.0060 ND 51 6.7
(20EC) 12/8 638 253 ND 57 6.5-7.0
13/9 557 253 ND 37 6.5-7.0
17/10 542 253 ND 3 6.5-7.0
8/11 487 2.65 0.0054 ND 15 7.02
ND = does not include anaerobic
System PW = Results outstanding
P-Removing systems. ML, MS, MT.
N-Removing systems. HM, PW, MU.

Section Il clustered at 60% similarity in respect to the other
sections. A 73% correlation existed between the 5 samples from
theMS, MT and MU systems, which was further sub-divided into
two groups. Group A, with 2 samplesand acorrelation of 78% and
Group B, with 3 sampleswhich showed a82% similarity. Both N-
and P-removing and N-removing sampleswererepresented in this
section.

Thethird section clustered at 55% similarity. In Sectionlll, 5
sampleswere present with a92% correlation. Section |11 could be
dividedintotwogroups. Group A, with 2 sampleswhichwere94%
related and Group B, with 3 samples 96% related. Only two of the
three P-removing systems were present in this section.

The similarity of Section IV in relation to the other Sections
wasonly 41%. Thetwo samples of the aerobic zones of N- and P-
removing and N-removing systems indicated an 87% correlation.
A >60% similarity valuewasindicated betweentheproteinprofiles
of the samples.

The protein profiles and the aerobic P concentrations (indi-
cated in bracketsasmg-¢*) were compared (Fig. 2). The P concen-
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tration was used to determineif there was any possible correlation
between the protein profiles and P concentration. Three sections
could beidentified. Section | wasdivided into two distinct groups.
GroupA, with 11 samplesand a63% correl ation and Group B, with
14 samples and 74% correlation. Section Il showed a 41%
similarity and Section|11 correl ated < 41%. Boththesesectionshad
two samples.

The protein patterns of the activated sludge samples showed a
diverse bacterial community structure, which consisted of many
different bacterial species. This agrees with recent literature,
suggesting that the same bacterial community is present through-
out theactivated sludgeprocess(Bond et al., 1995). When compar-
ing the average P concentrations of the samples there seemsto be
a tendency for the protein profiles of samples with higher P
concentrationsto cluster together (Fig. 2). But whenlooking at the
individual Pconcentration of each samplethereareseveral samples
with P concentration values that were higher than the average
value.

Theresultsindicated that SDS-PAGE isasensitivetool for the
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Figure 2

Dendrogram of the electrophoretic patterns of the aerobic zones of N- and P-removing and N-removing
activated sludge samples (UCT) (with the P-concentrations included in brackets), based on UPGMA
analysis of the correlation coefficients (r) of the protein patterns

determination of the bacterial population structure of activated
sludge. Duetothelack of methodsto determine bacterial commu-
nity structure of environmental samples, thereisaconstant search
for new methodsto investigate and better understand the function-
ing of micro-organismsintheir natural environment. Conventional
microbial techniques have provided amisleading picture of bacte-
rial community structure of environmental samples. SDS-PAGE
was used because the method alleviates the need for culturing and
samples are analysed in amore direct manner which preventsthe
selection of specific organisms. Other advantages of this method
arethatitisrelatively easy and many samplescanbeanaysed at the
sametime. Itisalsonot asexpensiveasDNA:DNA hybridisation.
However, the results obtained by SDS-PAGE of whole-cell pro-
teins discriminates at much the samelevel as DNA:DNA hybridi-
sation (Priest and Austin, 1993).

Resulting protein profiles, after SDS-PAGE, were hormalised
and analysed with the Gelcompar 4.0 programme. This pro-
grammecal culated the % simil aritiesand differencesbetween each
protein profile, with the Pearsons product moment correlation
coefficient (r) between samplesto construct amatrix. Thesamples
were then clustered using the unweighted pair group method of
arithmetic average (UPGMA) which resulted in a dendrogram.

There is a tendency to construct dendrograms consisting of
only afew samplesand then base theidentification of anew genus
or species on their findings. When samples are added to smaller
dendrogramsthe dendrogramismorelikely tovary. However, the
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larger thedendrogram, themoreval uecan beattached totheresults.
When new samples are added, the groups will stay the same and
only a small variation in the % correlation might appear. Each
dendrogram must beeval uated onitsown and not becompared with
other dendrograms. These are the main reasons why no definite
valueof >80 % for the same speciesand > 60 % for the same genus
can be attached to adendrogram. Percentage correlation between
the samples should only be an indication of similarity.

The disadvantages of the SDS-PAGE method arethat it needs
to be standardised. Results between different |aboratories may
differ if standard methodsare not followed. An exact value cannot
be attached to the % similarity or correlation of the resulting
dendrogram after SDS-PAGE. The% similarity can rather beused
asaguideline. SDS-PAGE canthereforenot discriminate between
the bacterial populations of the different activated sludge samples,
it can only indicate samples with a high % similarity or not.

Conclusions

V aluableinformation concerning thebacterial populationstructure
of activated sludge was obtained when SDS-PAGE wasused. The
results confirmed previous studies performed by Cloete and Steyn
(1987) which indicated that the bacterial population of activated
sludge stayed thesamethroughout the system. Themain drawback
of thistechnique wasthat it was not sensitive enough to determine
thedifferencein protein profiles of P-removing and non-P-remov-
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ing bacterial populations. SDS-PAGE studies, however, could be
useful when monitoring aspecific environment over time. Should
a stress situation develop, altered protein patterns or low % simi-
larity will indicate this.

Theprotein profilesindicated ahigh (> 70%) correlationfor al
the systems (N- and P-removing and N-removing included), in
each group or subgroup. No specific protein pattern with regardto
thedifferent zoneswas observed. We can therefore, concludethat
the same bacterial communitieswere present in both the N- and P-
and N-removing systems, and the different zones of these systems.

Future studies on the bacterial structure of activated sludge or
any environmental sample shouldincludethe use of acombination
of methods such as standard culturing and identification tech-
niques, SDS-PAGE and 16SrRNA. A method such as16SrRNA
may result in the same problems as phenotypic methods because
the work isrestricted to the system on which the initial work was
performed as the probes only detect those isolates for which they
aremade. The unculturable species of the community will remain
undetected. However, Bond et al. (1995) used 16SrRNA methods
to determine the difference between P-removing and non-P-re-
moving activated sludge systems. They obtained interesting re-
sults but further research is required, and the combination of
different techniques. Theroleof biomassintheP-removal process
a so needs to be investigated.

Themain conclusion that can be drawnisthat we still have not
developed the ultimate method to determine the bacterial commu-
nity structure of environmental samples. We should therefore,
endeavour toinvestigate each possiblemethod, until wefind oneor
a combination of methods, that can help us to better understand
microbial ecology of activated sludge systems.
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