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(ABSTRACT)

Bacterial populations proliferating in a pilot scale
biological nutrient removal system (BNR) were studied.
The objective of the research was to develop media and
methods to identify bacterial populations in BNR systems.
Samples were obtained from the last aerobic zone of a
University of Cape Town (UCT)-type system. The most
probable numbers (MPN) of bacteria in the samples were
analyzed in liquid media containing volatile fatty acids
as sole sources of carbon. Samples were also transferred
to denitrification medium, and MPN’s of denitrifiers were
recorded. The growth in liquid medium was plated on
solid medium. Gram-negative cultures were isolated and
identified. The phosphorus-removal capacity of five

isolates also was studied.



The results indicated that several different genera of
bacteria are involved in the removal of phosphorus in an
operating BNR system. Four major groups of phosphorus
storing bacteria, Aeromonas/Vibrio, coliforms,

Pseudomonas spp and Acinetobacter spp, were recovered.

The identification of cultures on denitrification medium

also recovered Pseudomonas, Aeromonas, coliforms and

Acinetobacter, indicating the overlap in the function of

these genera. The phosphorus accumulations in three of
the tested cultures showed accumulations in excess of 10

percent.

The MPN’s of bacteria in acetate and propionate media
obtained using samples from the pilot scale BNR system
and a full scale activated sludge system were
statistically analyzed. The analyses showed significant
differences between MPN in acetate and propionate medium
using samples from the BNR system, whereas there were no
significant differences in samples from the conventional
activated sludge plant. The possibility of the
application of these data in process control and modeling

is proposed.
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INTRODUCTION

Surface waters are greatly influenced by the nutrient
content of runoff waters, domestic wastewaters, and
industrial effluents, which flow or discharge into them, and
large inputs typically result in eutrophication. The term
"eutrophication" refers to the nutrient enrichment of water
bodies and it results in massive algal blooms which later
die and consume oxygen. The impact of deoxygenation is

manyfold, the most evident of which is fish kills.

The two nutrient elements that are of greatest concern are
phosphorus (P) and nitrogen (N). These nutrients are
recognized as the main pollutants causing deterioration of
water bodies, contributing to 49 percent of the impaired
lake acres, 50 percent of impaired estuary areas and 27

percent of impaired river miles (Sarinen, 1990).

In order to preserve freshwater ecosystems, there is a need
to set limits for the concentration of phosphorus in

wastewater effluent discharges. Phosphorus standards for



sewage discharges have been set throughout South Africa
and in some European countries. In the U.S. much
consideration has been given for setting similar limits.
Within the State of Virginia, the phosphorus
concentration limits of effluents discharged into certain
watersheds have already been set. 1In order to comply
with these standards much attention has been given to
reducing phosphorus concentrations in discharges from

sewage treatment plants.

There are two major source categories of nutrient inputs
to water bodies, i.e., nonpoint and point sources.
Nonpoint sources are mainly inputs from stormwater
runoff, and are typically dominated by runoff from
agricultural lands. Point sources include treatment
plant effluent discharges of domestic and industfial
wastes. A large fraction of the agricultural inputs of
phosphorus is difficult to control, whereas the inputs
from point sources can be readily contained and
controlled using appropriately designed and operated

treatment plants.

Reduction or elimination of phosphorus-containing
detergent usage, along with treatment processes designed
to remove the nutrients from wastewater, will reduce or
eliminate deterioration of water quality. Phosphorus

2



can be removed in excess of that achieved by traditional
treatment methods by the use of both chemical and

biological methods.

Chemicals such as lime, FeCl3, and alum are used to
precipitate phosphorus in wastewaters. Chemical
treatment results in very effective removal of P.
However, the high chemical costs and problems with sludge
handling have favored research involving biological

removal.

It has been shown that by slight modification of
conventional activated sludge treatment plants,
phosphorus removal from sewage in excess of 90 percent
can be achieved (Vacker et al., 1967; Shapiro, 1967;
Barnard, 1974; Osborn and Nicholls, 1978). Findings by
these scientists have given rise to several designs
involving modification of the activated sludge treatment
plants to achieve excess phosphorus removal. These
plants are referred to as BNR (Biological Nutrient
Removal) plants. A brief review of literature pertaining
to biological nutrient removal is presented in the

following paragraphs.

Biological nutrient removal has been shown to be more

economically advantageous than chemical treatment as it

3



eliminates chemical costs, generates less sludge and
reduces operating costs. Even without considering the
benefits of nutrient removal the systems are advantageous
because they reduce the energy costs of wastewater

treatment (Randall, 1984).

Barnard, (1974) discovered that for phosphorus removal to
occur, the influent wastewater and activated sludge mixed
liquor must be subjected to anaerobic conditions followed
by aerobic conditions. The bacteria involved in P
removal interact closely with the fermentative bacteria
in the anaerobic zone. They are known to incorporate the
fermentative end products as polyghydroxybutyrate (PHB)
and polyfhydroxyvalerate (PHV) using the energy obtained
by metabolizing the stored polyphosphate. Phosphate
produced during the metabolism is released into the mixed
liquor. In the aerobic zone the bacteria use their
stored organic carbon as the substrate. The energy
generated by its metabolism in excess of that required
for growth is utilized to accumulate phosphorus from the
wastewater for energy storage purposes. The phosphorus

taken up is stored as polyphosphate (poly-P).

Several models have been proposed to explain the P
removal mechanism in bacteria (Nicholls and Osborn, 1979;

Rensink, 1981; Marais et al., 1983; Mino et al., 1985;

4



Comeau, 1986; Wentzel et al., 1986; Arun et al., 1989).
Studies have also been carried out to identify different
microbial populations involved in P removal (Fuhs and
Chen, 1975; Dienema et al., 1980; Shoda et al., 1980;
Brodisch and Joyner, 1983; Brodisch, 1985; Suresh et al.,
1985; Lotter and Murphy, 1985; Cloete et al., 1985).
Several different genera of bacteria have been
implicated. Recent studies however have emphasized the
role of Acinetobacter spp. as the principal, and in
several cases, the only population of bacteria capable of
removing P. Research efforts should be directed towards
a better understanding of all of the different
populations of bacteria involved. The development of a
easy and quick method for enumerating these bacteria
would be of enormous value for the development of
accurate models of the BNR system and the development of

better control procedures for the processes.

This research was designed to develop media and methods
for identifying different populations of bacteria
involved in phosphorus and nitrogen removal in activated
sludge BNR systems. The objective was accomplished by
developing methods for enumerating and characterizing
poly-P bacteria and denitrifiers in mixed liquor samples

from a pilot scale biological nutrient removal plant.



REVIEW OF LITERATURE

Srinath et al., (1959) first observed excess phosphorus
removal in activated sludge treatment plants (from Marias
et al., 1983). Vacker et al., (1967) compared phosphorus
removal by sewage plants in San Antonio, Texas. The
phosphorus removal ranged from 35.4 percent to 79.6
percent. They concluded that excess P removal varied
with parameters such as BOD, aeration solids
concentration, SVI, D.O concentration and MLSS
concentration. They also observed release of P when
sludge was disposed through primary units. They
attributed this to the depletion of oxygen in the units.
With extended aeration of the sludge the same phenomenon
was observed. They explained this as a release of P due
to endogenous respiration of microorganisms caused by the
lack of substrates. Phosphorus removal of up to 96
percent (influent PO, of 27.4 mg/l) was observed when
digester liquids were not returned to the system. Oxygen
concentration in the aeration zone and in the effluent
was thought to be critical to achieve effective P
removal. Dissolved oxygen concentrations of 2 and 5 mg/1l

~
o]



in the aeration zone and effluent respectively, were
concluded to be essential for good P removal during peak
loading. They also observed 8.5-18.7 percent PO, in the

sludge solids on a dry weight basis.

Later, Shapiro et al., (1967) investigated the phenomenon
where effluent from the secondary clarifier contained
more P than in the aeration basin. They found that
activated sludge with excess P, on becoming anaerobic,
released P. To prevent this release they proposed that
the sludge be maintained aerobic. They also found that
the release of P was related more to redox conditions

than oxygen concentration.

Shapiro, (1967) found an increase in P concentration when
mixed liquor was settled in jars and allowed to go
anaerobic. The orthophosphate-P concentration in the
filtrate increased from an intial value of 4 to 70 mg/1
in 3.5 hrs. This phenomenon was found to be temperature
dependent. A high concentration of P in the solution did
not inhibit release. The release was reversed upon
aeration of the sludge, indicating that the release was
not due to the death of microorganisms. Analyses of the
cell fraction in the mixed liquor indicated that P
release came initially from the acid extractable portion
and later from nucleic acids.

7



Phosphorus removal by biological means was well
established by Barnard, (1974) and Fuhs and Chen,

(1975). Barnard, (1974) removed 90-95 percent of
nitrogen and simultaneously precipitated 90-97 percent of
influent P. The ‘Bardenpho’ process consisted of an
anaerobic zone followed by an aerobic and secondary
anaerobic and a final aerobic zone. The influent COD
ranged from 300-600 mg/L, influent TKN 30-35 mg/L and
influent total P between 9-12 mg/L. The plant was
operated between SRT’s of 16-18 days. Phosphorus
concentration in the effluent decreased to less than one
mg/L. Barnard, (1975) using a pilot scale plant obtained

excellent nitrogen and phosphorus removal.

Fuhs and Chen, (1975) confirmed results obtained by
Shapiro, (1967) that an extended period of anaerobiosis
induced release of P but aeration after anaerobiosis
reversed the process. A failure to release P during
anaerobiosis resulted in poor uptake during subsequent
aeration. Further research based on these initial
studies has thrown much light on P removal by BNR plants.
The results of these studies have been summarized in the

following section.



PREREQUISITES FOR BIOLOGICAL PHOSPHORUS REMOVAL

1. Presence of an anaerobic zone followed by aerobic zone
(Barnard, 1974,1975; Osborn and Nicholls, 1978; Barnard,

1983; Randall, 1984).

l.a. Uptake of P occurs only when cultures go
through an anaerobic stage followed by an aerobic stage

(Shapiro, 1967; Barnard, 1974; Fuhs and Chen 1975).

1.b. During the anaerobic stage cultures release P
and in subsequent aerobic zone, cultures take up P in

excess of their release.

l.c. Further, the uptake of P in the aerobic 2zone is
dependent on the release in the anaerobic stage (Shapiro,
1967; Shapiro et al., 1967; Levin et al., 1972; Fuhs and

Chen, 1975; Barnard, 1983; Florentz et al., 1984).

1.d. An anoxic zone along with the anaerobic zone is
necessary for good P removal as:
d.i. In the presence of nitrates in the anaerobic
zone, the denitrifying bacteria compete with P-removing

bacteria for carbon sources, thereby decreasing the



subsequent efficiency of P removal (Osborn and Nicholls,
1978).

d.ii. Presence of nitrates in the anaerobic zone
is found to inhibit release of P, which results in poor
uptake in the aerobic zone (Arvin and Kristensen, 1983;

Barnard, 1983; Florentz et al., 1984).

d.iii. Presence of nitrates in the anaerobic zone
also inhibits the synthesis of storage compounds
necessary for the accumulation excess P in the aerobic

zone.

2. The ratio of incoming COD:P is very important in BPR
plants. A COD of 400 mg/l or more is preferred. Also a

COD/TKN ratio of 10 is preferable.

A low incoming COD prevents denitrification in the anoxic
zone causing nitrates to appear in the anaerobic zone,
resulting in poor release and further poor uptake in the
aerobic zone (Marais et al., 1983; Siebritz et al.,

1983).

3. A suitable concentration of readily biodegradable
substrate in the mixed liquor should be maintained in the

anaerobic zone.

10



The readily biodegradable fraction of the sewage serves
as a good substrate for anaerobic bacteria that utilize
it to produce fermentation end products which in turn
enhance the growth of P removing bacteria in the aerobic
zone (Fuhs and Chen, 1975; Osborn and Nicholls, 1978;
Buchanan, 1983; Potgeiter and Evans, 1983; Nicholls et

al., 1985).

4. Good aerobic conditions should be maintained in the
aerobic zone. D.O. level in the aerobic zone should not

be allowed to drop below 1 mg/l (Siebritz et al., 1983).

5. Proper anaerobic conditions should be maintained in

the anaerobic zone (Carberry and Tenny, 1973).

6. Shorter hydraulic retention time in the aerobic zone
and proper BOD/MLSS ratio in the anaerobic zone is

necessary (Fukase et al., 1985).

7. Shorter sludge ages are found to have beneficial

effects on P removal (Marais et al., 1983).

Chemical Hypothesis for P Removal

Arvin, (1983)and Arvin and Kristensen, (1983) proposed
that the P removal observed in the nutrient removal

i1



plants could be due to several mechanisms operating
together rather than being strictly biological.

According to them biological, chemical and biologically
mediated chemical precipitation together were operative
in achieving the amount of P removal observed. The
different mechanisms proposed are explained in Table 1.
This proposal was based on their belief that, bacterial P
accumulation alone cannot adequately explain the excess P
removal i.e they believed that P removal occurred only
for normal cellular growth. When the amount of P removed
in terms of the total solids in the system is considered,
P accumulations in bacteria would have to be much in
excess of 2-5 percent P on a dry weight basis. They were
of the opinion that this could not the be case unless

chemical mechanisms were involved.

Support for biological accumulation of P in bacteria has
been shown by the results of many experiments conducted
(Shapiro, 1967; Barnard, 1974, 1983; Fuhs and Chen, 1975;
Randall, 1984). Currently, it is widely accepted that
excess P removal seen in nutrient removal plants is

biologically mediated.



Table 1.

From Arvin (1983)

Summary of bioleg:cal and chemical mechanisms responsible for enhanced P-removal in biological

treatment plants.

Biologlical mechan:isms

Chemical mechanisms

v

Nermal P-assimilation: 1-2.5k P (basec cn sS)

Ne: removal increases w:th increasinc BOD/P-

ratio in the wastewater

Polyprnosphate accunulat:cn: UF to a P-content

cf 5-7t P (with reservatior). Requires alter-
rating anaerobic/aercbic sludge :reanneht.
H:ghes: accumulation observec in nen nitri-
fying piants with sludge loads of 0.2-0.3

xg BCD kg MLSs™i-day™!

~

! s
1. Bulk precipitaticn:

Normal tulk precipitacion: Precipitation is stimu-
lated by a relatively hizh gH (pH>7.5) Ca** and F~
concentrations, and low :nhibitor concentrations:
M3*", pyrophosphate arnc bicarbonate.

Accelerated tulx precicitation: Precipitation is
acceierazed im case cf high P-concentration created
by anaercbic poly-P stripping from bacteria. Other
precipizat:ien cconditiens should be favourable, see
normal bulk precipitatien.

Picfilm precipttation:

prec:pitation :s createé by bacterial denitrifica-
tion in biofilms. Precipitation conditions should be
favourable, see normal bulk precipitation. Inhibited
by filamentous growth.

13




Biological Phosphorus Removal Plants.

Several treatment plants have been designed to remove P

with the application of some prerequisites.

PHOSTRIP PROCESS

Levin et al., (1972) developed this process (Fig 1).
Sludge from the clarifier of a high rate activated sludge
process was passed through a gravity thickener and
allowed to go anaerobic. The sludge released P into the
liquid. The liquid was then treated with lime and the
resulting sludge disposed of. The phosphorus poor
activated sludge was then recirculated through the

activated sludge process.

BARDENPHO PROCESS

The Bardenpho process (Fig 2) developed by Barnard (from
Barnard, 1975) was originally designed to remove
nitrogen. The process also works to give good P removal
under some conditions. The system consists of
alternating anoxic and aerobic zones, two of each.
Wastewater enters an anoxic zone, which also receives the

return activated sludge and a mixed liquor nitrate
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Figure 2 Bardengho Process configuration.
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recycle from the end of the first aerobic zone, continues
through a second anoxic zone, and through a second
aerobic zone before settling. The purpose of the first
anoxic zone is denitrification, but if the influent BOD
is substantially greater than the oxygen equivalent of
the nitrate entering the zone, anaerobic conditions
result and the system also accomplishes biological

phosphorus removal.

PHOREDOX PROCESS.

This is a modification of the Bardenpho process wherein
an anaerobic zone is placed ahead of the first anoxic
zone to enhance biological phosphorus removal (Barnard
1983). The three stage system involves anaerobic anoxic
and aerobic in sequence, followed by a clarifier (Fig 3).
The five stage system consists of secondary anoxic and
aerobic zones as in the four stage Bardenpho system Fig

4.

UNIVERSITY OF CAPE TOWN PROCESS

The University of Cape Town process is shown in Fig 5
(Seibritz et al., 1983). The process was later modified
(Fig 6) to reduce the nitrate load to the anaerobic zone

and improve the potential for biological phosphorus
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MIXED LIQUOR NITRATE RECYCLE WASTE FLOW

i ANAEROBIC ANOXIC AEROBIC ANOXIC AEROBIC

SETTLED SLUDGE RECYCLE

Figure 4. The Phoredox Process configuration (5 stages).
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Figure 5. The University of Cape Town Process.
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removal. The settled sludge is recycled back to the first
anoxic zone instead of back to the anaerobic zone, as in

the Phoredox systenm.

A/0 and A20 PROCESSES

The schematic of the A/0O (Anaerobic/Oxic) process is
shown in Fig 7. It is a two stage system designed for
the biological phosphorus removal, which means it is
always operated as a high rate system. The system
involves an anaerobic zone followed by an aerobic zone.
P is released in the anaerobic zone and taken up in the
aerobic zone. Research carried out using this process
has demonstrated possible wide applicability of the
process. The addition of an anoxic zone between the
anaerobic zones converts the A/0 system to the A20
(anaerobic,anoxic,oxic) system which is exactly like the
three stage Phoredox system. The A20 process was

patented by Air Products, Inc.

VIP PROCESS

The Virginia Initiative Plant (VIP) process is a high
rate BNR process described by Randall et al., and Daigger

et al., (1987). Figure 8 shows the process schematic
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which is exactly like the UCT configuration in concept.
The process differs slightly from the UCT process in two
areas. First, the anaerobic, anoxic and aerobic zones
are each divided into more than one stage, and the system

is operated in a high rate mode.

The staged reactor configuration was used to allow for
high rate bacterial phosphorus release in the anaerobic
zone and high rate uptake in the aerobic zone. The
staging in the anoxic zone allows for complete
denitrification of the recycle stream and low nitrate
concentration in the effluent. The process was designed
with the goal of achieving P removal all year round with
variable nitrogen removal. Operation of this process
concurrently with a high rate A20 process gave a superior
P removal capacity compared to the A20 processes. A
public domain patent for this process was obtained by the
Hampton Roads Sanitation District and CH2M Hill, Inc.,

(1989).
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MICROBIOLOGICAL PROCESS OF PHOSPHORUS REMOVAL

BACTERIAL PHOSPHORUS

Phosphorus typically constitutes 2-3 percent by weight of
activated sludge bacteria undergoing normal growth.

Phosphorus is an essential component of nucleotides (AMP,
ATP, GMP, UDP etc.) and phosphorylated sugars serve both
as a source of energy and as a source of P. Many bacteria
are known to store P as polyphosphates (Dawes and Senior,

1973).

Microbial polyphosphates occur as cyclicly condensed
phosphates (metaphosphates), linearly condensed
phosphates (polyphosphate) and as cross-linked condensed
phosphates (ultraphosphates). Polyphosphates are readily
extracted by trichloroacetic acid and perchloric acid,
however, P in the nucleic acids is not extracted.
Bacterial phosphates may range from 10 units to 50 units
in chain length. There is overwhelming evidence that
poly-P is deposited in cells as granules that stain

metachromatically (Dawes and Senior, 1973).

In most organisms polyphosphate is synthesized by a

single pathway which is catalyzed by the enzyme
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polyphosphate-kinase. The synthesis involves the

transfer of a terminal phosphoryl group of ATP to (PO4)n.

(PO4) + ATP -—=—=—=—=- > (PO4),4q, *+ ADP

In Neurospora crassa, E. coli, Microccocus lysodeiticus

and Propionibacterium shermanii, however, a second

pathway has been recognized involving the enzyme 1-3

diphosphoglycerate-polyphosphate phosphotransferase.

COOPO5H, COOH

| |

CHOH + (POy)n ===--- > CHOH +(PO4) nt1
| I

CH,OH, PO, CH,OH, P04

Here, the phosphate group in the 1 position of 1-3

diphosphoglycerate is transferred to poly-P.

Poly-P-kinase is a reversible enzyme that also takes part
in the degradation of poly-P. Other enzymes involved in
the degradation are: polyphosphate-AMP-

phosphotransferase, poly-P-glucokinase, poly-P-
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fructokinase and polyphosphatases (Dawes and Senior,

1973) .

Polyphosphates are accumulated to a great extent (up to
20 percent by weight) when P starved cells are exposed to
a medium containing abundant P. This phenomenon is
called "polyphosphate overplus". The phenomenon of
"Juxury uptake" of phosphorus by microbes has been
employed to explain the excess removal of P by microbes.
This refers to the channelling of P to the synthesis of
poly-P when the nucleic acid synthesis has been inhibited

due to the lack of an essential element.

In addition, bacteria such as E. coli, S. fecalis,

Microccocus lysodeiticus, Bacillus subtilis , certain

photosynthetic bacteria and yeasts (Saccharomyces

cerevisiae) are known to incorporate pyrophosphate by

photophosphorylation, oxidative phosphorylation and
glycolysis by the action of the enzyme pyrophosphatase

(Lahti, 1983).
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Bacteria Involved In The Removal Of Phosphorus

Fuhs and Chen, (1975) plated on nutrient agar, dilutions
from an activated sludge treatment plant designed for
phosphorus removal. The cultures growing on the medium
were capable of growth on sludge agar and in primary
effluent. These cultures were also found to be capable
of removing P from wastewater during activated sludge
treatment. They were identified as Acinetobacter lwofii.
Pure culture studies were conducted by suspending the
cultures in a dialysis bag with acetate as the carbon
source, and subjecting them to alternate
anaerobic/aerobic conditions. The cultures removed 17

mg/L of P.

Shoda et al., (1980) isolated P accumulating bacteria
from nature using autoradiography. The P accumulating
capacity of isolated cultures and type cultures were also
determined. One isolate identified as Arthrobacter

globiformis, in a glucose medium accumulated 20% P as dry

weight under normal growth conditions. Table 2 shows the
P accumulations in different bacterial cultures studied.
Their study indicates that even gram positive bacteria in

BNR plants may be contributing to P removal.



Table 2. From Shoda et al., (1983)

CONTENT OF INTRACELLULAR INORGANIC PHOSPHATE

Strain 4PQ 2= Dry cell mass PO,*~(mg)/dry cell mass(mg)
(mg/l) (mg/l) %)
Maximum upiake of phosphate?
A. globiformis PAB-3 108 606 17.8
A. glubifgrmis PAB-6 124 614 20.1
P. ovalis 1AM 1002 70.9 944 7.5
At 48 hr cuiture time
A. globiformis PAB-3 100 580 17.2
A. globitormis PAB-6 124 614 20.1
P. ovalis 1AM 1002 26.8 940 2.9

Data were obtained when the amount of inorganic phosphate consumed reached maximum.
¢ Net value of phosphate consumed, i.e., the difference between the apparent amount of phosphaie
consumed in the medium and the organic phosphate excreted into the medium.
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Dienema et al., (1980) isolated bacteria from a plug flow
system removing 80-87 percent P. After sonication for 30
s, samples were plated on butyrate and lactate agar. The
colonies on the plates were tested for the presence of
Poly-P granules by staining. Only cultures showing
accumulations of P were subjected to identification. Aall

the cultures identified cultures belong to Acinetobacter

spp.

The authors also carried out batch tests using different

strains of Acinetobacter spp. in butyrate medium.

Phosphorus uptake and growth were measured and dry weight
of the cultures were determined. Figure 9 shows the
relationship between the three parameters measured. The
cultures were found to accumulate 10-20 percent P on a
dry weight basis in the early growth phase. Some strains

of Acinetobacter spp. accumulated only lipids. Based on

these results the authors concluded that only certain

strains of Acinetobacter spp. are capable of accumulating

excess P. One drawback of the method used is that they
chose cultures showing the presence of poly-P after
growth on a solid medium. Not all cultures capable of
accumulating poly-P may show accumulations when grown on
solid medium. Furthermore, cultures are known to
accumulate P as poly-P in the liquid medium after going

through alternating anaerobic/aerobic phases.
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Brodisch and Joyner, (1983) isolated bacteria using mixed
liquor and sludge samples from anaerobic, anoxic and
aerobic zones. The samples were diluted in distilled
water and plated on casitone glycerol yeast extract agar
(CGY). Pure cultures of Gram-negative bacteria were
identified using API 20E systems. The strips were
incubated at 32° c. Tables 3, 4, 5. show the different
genera of bacteria in the three zones. The total number

of bacterial cultures identified is not included in their

paper. The tables show that Aeromonas and Pseudomonas
dominate in all three zones with the Acinetobacter spp.
comprising less than 5 percent of the population. The

population of Acinetobacter spp. doubled in the aerobic

zone but did not dominate the entire microbial
population. The authors state that the numbers of

Acinetobacter spp. in any plant is dependent on the

anaerobic retention time. Lower anaerobic retention is

thought to favour the aerobic Acinetobacter spp. They

also suggest that species of Pseudomonas and Aeromonas

most likely contribute to total P removal along with

Acinetobacter spp.

Brodisch, (1985) again isolated bacteria from a bench
scale BNR plant receiving an influent total P
concentration of 11 mg/L. Aeromonas spp. represented 18

33



Table 3.

From Brodisch and Joyner,

(1983)

Oistribution of Aerobic or Faculative Bacteria in

the Dif¥ereat Stages of the Daspocrt Pilot Plant-

Anaerobic Anoxic Aerated Return
Bacteria zone zone zone sludge
Gram-positive 28 20 28 23
Aeromomas 1€ 12 15 17
Pseudomonas 8 25 13 18
Pasteurella i1 20 6 9
Alcaiigenes 3 - 3 1
Acinetobacter/Morazedla 5 4 10 5
Flavobacteriwn 5 5 4 4
Enterobacter 7 2 5 5
Escherichia cold ] - - 4
Citrobaczer - 2 1 -
Bordetella - - 2 -
Xletstiella - 2 1 5
Achrcmobaeter 1 - 3 -
CDC Group IVE 1 . 1 1
Serratia - 2 4 2
Saimorella 1 - - -
Unidentified | 6 4 5

-
Averages of five analyses are given.
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Table 4. From Brodisch and Joyner, (1983)

Distribution of Aerobic or Faculative Bacteria

in the Ditfferent Stages of Laboratory Scale Unit L3*

Bacteria

Anaerobic
zone
4

Anoxic
zone

-
L

Aerated
zone
2

Return
sludge

Gram-positive
Leromenas
Pseudomoras
Pasteurella
Alcaiigenes
Acinetobacter/Moraxellc
Flavobactertum
Enterobacter
Citrctacter
Bordetella
Klebstella
Yersinta
Brucella
Achromobacter
CDC Group VE-1I
Serratia
Unidentified

41
20

W= We - wbr

W — —

-

28

I ——w il IR LON S

—

60

I =t LoV Wwm

~

L4
Averages of five analyses are given.
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Table 5. From Brodisch and Joyner, (1983)

. __Dbistributicn of Aerobic and Facultative Bacteria in
the Different Stages of Laboratoryv Scale Unit L2+

Anaerobic Anoxic Aerated Return
pacteria zone zone zone sludge
- Ed > o
Gram-positive 33 54 34.5 .5
Aercrmonas 16 16.5 19.5 19.5
Pseudomenas 12.5 8.5 16.5 9
Festeurella 3.5 - 14.5 -
Alcaligenes 3.5 1.5 - 1.5
Acinetobacter,/Meraxella 1.5 10 5.5 10
Flavobaccterium 3.5 6 - 8.5
terobacter 5.5 - - -
Citrotacter 1.5 - - -
Bordetella - - - 1.5
Xlebstella - - - 3
Yersinia - - 2 -
&C Group IVC-2 - - 2 -
Pnidentified - 3.5 5.5 9

'Averages of five analyses are given.
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percent and Acinetobacter calcoaceticus 14 percent of the

total population during the period in which excellent P
removal was achieved (0.2 mg/L P in effluent). When P
removal declined to an effluent P concentration of 9.4
mg/L, the bacterial populations were represented by
Acinetobacter calcoaceticus 67 percent whereas, Aeromonas
spp. was not recovered (Table 6). The authors stated

that Aeromonas punctata produced acetate, which is

utilized by Acinetobacter spp. to remove P and that the

mere presence of Acinetobacter spp. does not insure good

P removal.

When acetate was added to the system, P removal improved
greatly (0.4 mg/L effluent P). The populations of
bacteria under such conditions were represented mainly by

Aeromonas hydrophila and Acinetobacter spp. Batch tests

using pure cultures of Acinetobacter calcoaceticus and

Aeromonas punctata and mixed cultures of the two species

indicated that Acinetobacter spp. was more efficient in
removing P when compared to Aeromonas (Fig 10). In mixed
culture the P uptake capacity of Acinetobacter was
enhanced in the presence of Aeromonas. From these
results the author concluded that Aeromonas spp. produce

fermentative end products that are utilized by

Acinetobacter spp. resulting in good P removal. This

conclusion is different from the conclusion in a earlier
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Table 6. From Brodisch and Joyner, (1985)

) Distribution of facultative and aerobic bacteria in a bench-
scale activated sludge unit during different degrees of phosphate removal

Effluent orthophosphate
concentration (mg/f as P) 0.2 9.4 0.4

Stage of plant anaerobic aerated anaerobic aerated anaerobic aerated

Percentage of micro-organisms

Gram-positive 16a 9b 15 0 Oc 16
Aeromonas spp. 18 12 0 0 - 16 0
Pseudomonas spp. 9 9 25 11 16 7
Pasteurella spp. 14 18 17 0 37 28
Alcaligenes spp. 0 0 20 0 0 0
Acinetobacter

caleoaceticus 14 15 23 67 16 25
Escherichia coli 2 3 0 0 0 0
Citrobacter freundii 7 9 0 0 0 0
Others 14 10 0 22 0 10
Unidentified 6 15 0 0 5 14

:All Aeromonas isolates were Aeromomas punctata.
302 of the Aeromomas isolates were Aeromonas punctata.
22 of the Aeromonas isolates were Aeromonas punctata.
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Figure 10. From Brodisch and Joyner (1985).
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paper where Brodisch and Joyner implicate Aeromonas spp.
as possible P removers. The authors did not however,
discuss the high recovery of A. hydrophila along with

Acinetobacter spp. when acetate was added. The good P

removal achieved indicates that the possibility that

Aeromonas hydrophila were acetate utilizers rather than

producers and were possibly contributing to P removal.

Buchan, (1983) isolated bacteria belonging to a single
morphological type which was found to be capable of

accumulating poly-P. He later identified it as

Acinetobacter spp. Several newer methods were used by
Suresh et al., (1985) to isolate bacteria involved in
excess P accumulations. Method 1 involved plating on
Luria broth (LB) followed by staining and
autoradiography. DCDD (Dicyclohexyl carbodiimide) was
used in the second method and Percoll density gradient

was used in the third method.

In method 1 of Suresh et al., (1985) the sludge samples
were sonicated at low speed for 15 s. The dilutions were
plated on Luria Broth and the colonies were stained for
poly-P accumulations. A drawback of this method is that
bacterial cells that show poly-P accumulations in the
system may not show accumulation after being transferred

onto a synthetic medium and incubated.
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Failure to show poly-P accumulations should not be taken
as an indication that these cultures are non poly-P
bacteria. The strains positive for poly-P bacteria were
further screened by replica plating on LB plates
incoporated with 32P—Phosphate. Production of dark spots
on the X-ray film indicated that colonies were positive
for 32p accumulation. Ten colonies out of 17 tested

positive.

In the second method DCDD was incorporated into LB and
isolated colonies (LB) were transferred to these plates.
Since DCDD is an ATPase inhibitor, only those cultures
with stored poly-P are able to grow. The cultures were
also plated on LB plates containing 32P—phosphate
followed by autoradiography. Two isolates, Acinetobacter

lwofii and Acinetobacter calcoaceticus were identified as

being resistant to DCDD. This method is superior to
method 1 as it makes use of stored P in the cells as a

way to screen bacteria.

The percoll density gradient isolation was based on the
assumption that poly-P containing cells are heavier than
vegetative cells and therefore form bands in a density
gradient solution corresponding to different liquid
densities. Therefore, The higher density band is likely
to contain poly-P organisms. Using this method they
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isolated Acinetobacter calcoaceticus at 1.10 g/cm and

Acinetobacter lwofii at a density corresponding to 1.08

g/cm. Pseudomonas vesicularis was isolated at a density

corresponding to 1.132 g/cm.

Some limitations of the percoll density gradient method
are discussed below. The isolation of Pseudomonas
corresponding to higher densities is to be expected as
species of Pseudomonas are larger than species of

Acinetobacter (based on personal microscopic observation

of cultures). Therefore, the total amount of poly-P in
cells will also be higher. The time lapse between sludge
sampling and processing will be critical as cells can
release stored P. The procedure may select fewer types

than actually present.

The isolated Pseudomonas vesicularis was found to
accumulate 31 percent P as poly-P. The activity of
enzymes involved in poly-P storage was studied using NMR
spectroscopy. The poly-P peak of A. lwofii and P.

vesicularis was more prominent than the peak obtained for

A. calcoaceticus, indicating higher amount of P

accumulation in the former two cultures. Based on these

results, the authors suggest that P. Vesicularis may play
a major role in P accumulation even though it is a minor

component in terms of numbers.
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Deinema et al., (1985) measured P accumulating

capacities of different strains of Acinetobacter spp. in

synthetic media with acetate and butyrate as substrates.
Table 7 shows the percent P in terms of the dry matter
(dried at 100° C) in the different strains tested.

Percent P varied from 5.4-8.3.

Pure cultures of Klebsiella pneumoniae and Acinetobacter

calcoaceticus were subjected to phosphorus starvation.
Later their P accumulation capacity was studied in a
medium containing excess phosphorus. The cultures
accumulated P very effectively (Gersberg and Allen,

1985). K. pneumoniae was found to be more efficient than

A. calcoaceticus (Figure 11). The immoblized, P starved

cultures removed 61 percent of the available P in 30 min

and greater than 95 percent in 2 h.

Cloete et al., (1985) isolated Acinetobacter spp. from P

removing and nonP-removing plants and found that

Acinetobacter spp. occurred in both. In P-removing

plants Acinetobacter spp. contained poly-P reserves,

whereas in non-P removing plants they did not. Here
again it should be pointed out that the cultures were

plated on acid sludge agar and stained to observe for
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Time courses of phosphorus uptake for selected
cultures of Klebsiella pneumoniae (¥) and Acinetobacter
calcoaceticus (®) in MOPS medium. Also shown is the
time course of phosphorus uptake for liquid cultures
of K. pneumoniae (g) suspended in secondary municipal
wastewater and enriched with phosphate (by 10 mg P1™°)
and glycerol (4 g 17°). Initial 0.D. (650 nm) was 1.74
for K. pneumoniae, 0.76 for A. calcoaceticus, and 0.78
for K. pneumoniae in secondary wastewater.

Figure 11. From Gersberg and Allen, (1985).
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poly-P reserves. The cultures were identified as

Acinetobacter spp. using API 20E system.

They also determined the total numbers of Acinetobacter
spp. in the system using fluorescent antibody technique.
No significant difference in numbers was noticed in
anaerobic, aerobic and anoxic zones. The size and mass
of Acinetobacter spp. and volutin granules were
determined using electron micrographs. The total
contribution to P removal was calculated from this data.
The calculations indicated that the numbers of
Acinetobacter spp. surviving in the system was too low to
account for the amount of P removal seen. They

concluded that Acinetobacter play some role in P removal

and are present in both P-removing and non P-removing
plants, but their P accumulating capacity has to be

induced in BNR plants.

Lotter, (1985) isolated bacteria from the aerobic zone of
a Bardenpho system at three different P removal levels.
The samples were plated on CGY agar. Cultures were later
identified using fluorescent antibodies prepared for

Acinetobacter followed by API 20E system. Table 8 shows

the composition of Acinetobacters in the three samples.

No significant variation in Acinetobacter spp.

composition was observed between two of the samples even

46



Table 8. From Lotter, (1985)

Heterotrophic Bacteria in Mixed Liquor from the
Aerobic Zone of a Five-stage Bardenpho Plant

Samples
1 2 3
3acteria, as % of colonies which grew:
Acinetobacter calcoaceticus var lwoffi 61 56 66
Other Gram negative organisms 24 28 13
Gram positive organisms 15 16 12
Phosphorus removal 43% 19* 31*

* § of average phosphorus reduction from influent to effluent
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though P removal varied (43 and 31 percent). Isolates
were also tested for P accumulation using a staining

method. Aeromonas hydrophila , Pseudomonas paucimobilis

and Gram-positive bacteria were found to be capable of

accumulating P in addition to species of Acinetobacter.

The author proposed that Aeromonas hydrophila and certain

Gram-positive organisms could make significant

contribution to P removal.

Lotter and Murphy, (1985) conducted research to
investigate P accumulation properties of all bacteria
isolated from activated sludge (BNR). Dilutions of
samples from anaerobic, anoxic and aerobic zones were
plated on CGYA. Colonies were isolated and checked for
reaction with fluorescent antibodies for Acinetobacter.
The cultures isolated were also identified using API 20E
system. Non-Acinetobacters were also identified using
API 20E. Samples from the aerobic zone were incubated
aerobically whereas samples from anaerobic and anoxic

zones were incubated both aerobically and anaerobically.

Figures 12, 13 and 14 show the different genera of
bacteria isolated from the three zones. In the aerobic
zone the dominant bacteria were Acinetobacter spp. 1In
the anaerobic zone the dominant bacteria were

Acinetobacter spp. when the samples were incubated
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Figure 12. From Lotter and Murphy (1985).
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Heterotrophic bacteris present in the serobic zone of a five stage
Bardenpho activated sludge plant at various levels of

phosphorus removal.

Figure 13. From Lotter and Murphy (1985).
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Heterotrophic bacteria present in the first anoxic zone of a five stage
Bardenpho activated sludge plant.

Figure 14 From Lotter and Murphy7(1985).
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aerobically and Aeromonas spp when incubated
anaerobically. Acinetobacter, Aeromonas and Pseudomonas
were the dominant genera of bacteria in the anoxic zone
when incubated aerobically and anaerobically

respectively.

Phosphorus accumulation in the cells was observed by
direct microscopy after staining. Bacteria belonging to

the genera of Acinetobacter, Pseudomonas and Aeromonas

were found to be capable of accumulating poly-P. Not all
species of Acinetobacter showed capacity to accumulate P.
The authors concluded that the bacteria belonging to the
genera of Aeromonas, Pseudomonas and Acinetobacter
probably contribute to denitrification in addition to P

removal.

Antheunisse and Koene, (1987) studied the microbial
populations of an A/B (aerobic adsorption followed by
activated sludge treatment) system . They isolated

Acinetobacter, Pseudomonas, Aeromonas, Coryvnebacterium,

Arthrobacter, Streptococcus, Moraxella, Flavobacterium,

Echerichia and Enterobacter. Populations of

Acinetobacter increased during reaeration whereas

Pseudomonas which predominated in the aeration zone,

decreased during anaerobiosis and did not recover after

aeration.
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Ye et al., (1988) studied P removing capacity of

different genera of bacteria in batch cultures. Pure

cultures of S. griseus, Pseudomonas aeruginosa and
Acinetobacter calcoaceticus removed more P in aerobic
systems when compared to anaerobic/aerobic systems. The
cultures of bacteria isolated from activated sludge
however removed P very effectively in the
anaerobic/aerobic systems. When mixed cultures of P.

aeruginosa and activated sludge cultures were tested for

their performance, the P removal was better than
individual P removals, indicating culture interaction.

Phoshorus removal by Arthrobacter globiformis was higher

than Acinetobacter calcoaceticus. The P removal observed

in the different strains tested is shown on Table 9.

Bacteria belonging to the genus Acinetobacter have been

isolated by many researchers as discussed above.
Several investigators (Buchan, 1983; Fuhs and Chen, 1975;

Lotter, 1985) have isolated Acinetobacter as the sole

removers of P in the sewage treatment process. However,
several others (Suresh et al., 1985; Antheunisse and
Koene, 1987; Brodisch and Joyner, 1983; Lotter, 1985;
Lotter and Murphy, 1985; Shoda, 1980) have isolated

Pseudomonas, P. vesicularis and other organisms capable

of removing P better than Acinetobacter. Suresh et al.,
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Table 9. From Ye et al., (1988)

Phosphate removal (4P) and cell growth (4X) in medium W.

' . -1 Activated . o :
Laboratory strain mgAP?l“ g cfli-(l" gli’}-’(édcfl?)‘l ’,]:,'fff,e mg‘d]’}:-.l-l g cf:ili'(l‘l g‘;’]‘)(édcﬁ})'li
S. griseus IFO 13189 .1 0237  0.047 BN1 53 0130  0.04 i
8. griseus N-2-3-11 9.6 0.24¢  0.040 RBO? 49 0.153 0.032
P. arruginosa IAM 1007 54 0102  0.053 RBOI 49 0132  00% !
P. ovalis IAM 1002 43 0114  0.038 RAO4 33 0215 0015 !
| E. coli IAM 1264 39 0100  0.039 RAO2 3.0 0.0% 008 |
! Acineto. calcoaceticus IFO 12552 3.6 009  0.038 RANI 2.8 0.044 0063
| A. hydrophila IAM 12333 3.4 008 0041 AN2 27 0.045  0.060. |
| E. aerogenes IAM 12348 33 013 0.0 RBO4 2.7 0.074  0.03%
i Agr. radiobacter 1AM 1527 32 0175  0.018 AN3-2 2.5 0079  0.03 ‘
| Chrorella sp. E 3.1 0134  0.023 BO2 2.4 0081  0.0%
{ C. tropicalis 1AM 12265 2.7 0121 0.023 RBO4-1 2.4 0042 008 ¢
; Xanthomonas oryzae 1AM 1657 25 0.103 0.0 RAO4-1 24 0077  0.031 )
 C. lipolytica IFO 1195 2.5 0.066  0.038 AO2 2.3 0083  0.07
i Rhodococcus equi TAM 1038 2.4 0116  0.02 AO3-] 23 0.051  0.04
| Cellulomonas sp. 1.9 0087 002 RBO6 2.3 0110  0.02
| Mycobacterium rhodochronous IAM. 1.6  0.060  0.027 BOI 22 009  0.0%4
s AN 21 008 0.0
; Bacillus megaterium sp. 1.4 — —  AO3-I-l 1.5 0.100  0.015
: Chlorella sp. Y L1 — =  AN321 L5 0123 0012
: Kluyveromyces lactis IFO 1090 0.93 0032  0.0%0 RBOJ L4 0106  0.013
: Rhodopseudomonas sphaeroides KIT ~ 0.84 0.072  0.012 RBOS L3 0132 0009
| R. sphaeroides KOI 0.62 0.069  0.009

—— v —
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(1985) isolated Acinetobacter lwofii, A. calcoaceticus,

and P. vesicularis from sludge and found that P.
vesicularis although a minor component of the system
(less than 1 percent), showed greater poly-P-kinase
activity coupled with greater synthesis of poly-P than

Acinetobacter spp.

Gersberg and Allen, (1985) conducted studies with P

removing bacteria and found that Klebsiella pneumoniae

was more efficient in removing P than A. calcoaceticus.
Lotter et al., (1986) isolated Acinetobacters from
aerobic and anaerobic/anoxic/aerobic systems.
Acinetobacter spp, were recovered from all systems. When
grown aerobically on acetate and glucose these cultures
showed accumulation of poly-P and PHB. A critique of

this method is presented below.

The reason for accumulation aerobically could have been
due to the methods used to screen for PHB and poly-P
accumulation. PHB accumulation was observed by growing
the cultures on a medium with added betahydroxybutyrate.
This added substrate is known to induce PHB accumulation
even under normal growth condition. Polyphosphate
accumulations observed could have been due to long
incubation of cultures (five days) which could have

created a substrate limitation stress or stress due to

55



some toxic byproducts of metabolism which in turn can
stimulate P accumulation. However, their results still
show that Acinetobacter sp. isolated from different
environments have the capacity to accumulate PHB and
poly-P. The authors concluded that
anaerobic/anoxic/aerobic systems induce P accumulations
in strains of Acinetobacter spp already present in the

system but does not select for new strains.

Although bacteria belonging to different genera have been
shown to be capable of removing P in quantities similar
to that seen in Acinetobacter, all the work related to
model development and the factors affecting the P removal
have been directed towards the study of species of

Acinetobacter. In most of the above studies a common

combination can be seen: 1) Isolation of bacteria on
Casitone glycerol yeast extract agar (CGY) or fluorescent
antibody (FA) against Acinetobacters and 2) Isolation of

Acinetobacters as the dominant group.

Cloete and Steyn, (1988) enumerated Acinetobacter using
different methods of isolation in order to ascertain
their role in biological P removal. The methods used in
the study were the fluorescent antibody technique (FA)
combined with membrane filtration, and direct plating on

CGY agar followed by API 20E system. The total
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heterotrophic bacteria in the system were enumerated
using Acridine Orange (AO) stain. Percentage composition

of Acinetobacter to the total was determined.

The results from their studies indicated that the

greatest recovery of Acinetobacter could be achieved

using direct plating followed by identification using API
20E system (66.6-76.3 percent). However, a comparison of
FA technique used for Acinetobacters and AO technique
used for total heterotrophs showed that Acinetobacaters
formed only 5-8.5 percent of the total. Therefore, the
authors suggest that it is probable that the GCY agar

favoured the growth of Acinetobacter spp.

Cloete and Steyn, (1988) also determined the volume and
mass of volutin granules to calculate the amount of P
contained in these granules and from this determined the
amount of P removed by Acinetobacter. Only 34 percent of
the observed P removed could be attributed to poly-P.
They concluded that organisms other than Acinetobacter
and different mechanisms had to be involved for the

observed P removal.
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FACTORS AFFECTING P REMOVAL BY MICROORGANISMS

Different forms of nitrogen are found to have no effect

on P removal by Arthrobacter globiformis (Ohsumi et al.,

1980) . Fe3* and ca were concluded to be essential for the
uptake of P while phenylalanine was found to stimulate
uptake. Carberry and Tenny, (1973) reported that luxury
uptake of P was induced by certain monovalent cations
like Na and K. However, additions of CN and Hg were found
to induce release of P (Shapiro, 1967). 2-4-
Dinitrophenol had an inhibitory effect on P removal by
microbes (Carberry and Tenny, 1973; Florentz et al.,

1984; Fuhs and Chen, 1975; Levin and Shapiro, 1965).

Phosphorus removal is greatly affected by the amount and
kind of fermentation products, denitrification and H,S
formation in the anoxic and anaerobic zones, and the
generation and utilization of ATP, nucleotides and
reduced cofactors (Potgeiter and Evans, 1983).
Phosphorus release in the anaerobic zone was found to be
related to redox potential in the anaerobic zone rather
than the creation of anaerobic conditions(Shapiro et al.,
1967). However, Randall et al., (1970) did not find
increased release with lower redox values, instead,
prerelease occurred before or simultaneously with redox

decrease. The anaerobic zone ORP, rather than P release,
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was found to affect P removal efficiency (Daigger et al.,
1987). Phosphorus removal efficiency was increased by

11-30 percent by the application of a direct current of 6
Volts and 200 mAmps to the anaerobic stage of a BNR plant
(Jones and Tasfi, 1987). Figure 15 shows their model for

the effect of direct current on bacterial cells.

The involvement of certain unidentified end products of
anaerobic fermentation in inducing P uptake in the
aerobic zone has been implied by Fuhs and Chen, 1975;
Osborn and Nicholls, 1978; Potgeiter and Evans, 1983 and
Buchan, 1983. Various studies have concluded that
fermentation end products like acetate, propionate,
butyrate, isobutyrate and ethyl alcohol induce P uptake
by microorganisms (Buchan, 1983; Fuhs and Chen, 1975;
Osborn and Nicholls, 1978; Potgeiter and Evans, 1983;
Nicholls et al., 1985). Contrary to these studies, Hino
et al., (1980) reported that acetic acid, propionic acid
and n-butyric acid in waste water inhibited P uptake
whereas d«-alanine reduced the inhibitory effect of

propionic acid.

Lotter, (1985) studied the effect of fermentation end
products and non-fermentation products on P accumulation

in Acinetobacter spp. P accumulation varied with the

type of substrate. Accumulation was highest on the acid
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sludge substrate followed by fermentation end products as
substrates. Accumulation also varied with the kind of
fermentation end product. Fig 16 shows P accumulation
on the different substrates. P release in different
strains of Acinetobacters was found to be enhanced by the
addition of acetate, ethanol and other reduced carbon
sources (Deinema et al., 1985). Treatment with acetate
resulted in a decrease in cell size of Acinetobacters and
an increase in poly-P formation, whereas, treatment with
succinate did not enhance P accumulation (Murphy and

Lotter, 1986).

Gerber et al., (1986) studied the effect of glucose and
various fermentation end products on P release, uptake
and denitrification in nutrient removing activated
sludge. Formate, acetate and propionate induced
effective release of P even in the presence of nitrate.
P release was not observed with substrates such as
glucose, butyrate, lactate, ethanol, 2,3 butanediol,
methanol, citrate and succinate in the anoxic phase even
though substrate was utilized. Based on these results
they concluded that P release is a substrate induced
phenomenon rather than a response to the creation of

anaerobic conditions.
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Figure 16. From Lotter, (1985).
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Tables 10, 11 and 12 show the effect of different
substrates on P release and substrate uptake under anoxic
and anaerobic conditions (Mostert et al., 1988).
Propionate and acetate induced anoxic release of P but
with butyrate and lactate the release was much less.
Phosphorus uptake and release were both noticed in anoxic
phase. Formate did not affect P release or
denitrification directly. Under anoxic conditions P
release, uptake and denitrification were found to occur
simultaneously. Under such conditions about 50-60
percent of acetate was used for denitrification, whereas
80 percent butyrate and 0-50 percent of propionate was
used for denitrification. Lactate was used exclusively
for denitrification. Abu-Ghararah, (1988) also studied
the effect of volatile fatty acids on P accumulation in a
UCT system. They found that branched forms of the same
size fatty acids enhanced P removal over normal chain
compounds. Isovaleric acid greatly enhanced P removal

compared to valeric acid.

Addition of acetate to laboratory scale Bardenpho systems
produced increases in P uptake rates by the mixed liquor
microorganisms of up to 200 percent in P removal

efficiency (Winter, 1988). A culture of poly-P organisms
was developed by incrementally increasing acetate feed to

UCT and Bardenpho systems with a concommittant decrease
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in municipal waste feed. Phosphorus removals of 50-60
mg/L were observed when acetate addition to the feed
reached 100 percent. Under such conditions greater than
90 percent of the microorganisms were found to be

Acinetobacter (Wentzel et al., 1988).

Brodacs and Chisea, (1989) studied the carbon flow in P
accumulating cultures by feeding radiolabelled glucose
and acetate. The cultures were subjected to anaerobiosis
for 2 h followed by aeration for 3 h. Samples were
withdrawn periodically and analyzed for internal
substrate storage as PHB and supernatant substrate
concentrations and carbon dioxide evolution. Phosphorus
release with both substrates was almost the same even
though substrate incorporation as PHB was higher with
acetate as the substrate than with glucose (Figure 17).
Only modest concentrations of carbon dioxide was released

with acetate as substrate (Figure 18).

Based on the results the authors concluded that cultures
incorporate PHB from fermentation end products and
incorporation is higher with acetate when compared with
glucose because less processing required. The points of
interest here are that a) similar quantities of P is
released with both acetate and glucose, indicating the

possibility that poly-P is degraded to produce
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maintenance energy for the cell under anaerobic
conditions rather than just for activation of the
substrates. b) The modest amount of carbon dioxide
evolution might have been due to the metabolism of
acetate to other fermentation end products rather than

metabolism through TCA cycle.

synthesis of storage compounds in poly-P bacteria.

It has been shown that poly-P microorganisms store COD as
polyphydroxybutyrate in the anaerobic zone (Fuhs and
Chen, 1975; Lotter et al., 1986) and degrade this in the

aerobic zone to accumulate P as poly-P granules.

Lotter, (1987) studied the synthesis and utilization of
PHB in anaerobic, anoxic and aerobic zones with respect
to volatile fatty acids and nitrate levels in

Acinetobacter. Tables 13 shows volatile fatty acid

concentrations entering the three treatment plants
studied and PHB concentrations in different zones. Based
on the results the authors concluded that efficient PHB
synthesis in the anaerobic zone serves as carbon source

in the aerobic zone which results in enhanced P removal.

In addition to PHB, PHV (polypPhydroxyvalerate) has been

recognized as another storage compound(Comeau et al.,
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Table 13. From Lotter et al., (1987)

THE THRER PLANTS
Goud- Necthars Nocthera
Pammetes m Weds Wodks
2 Module 2 Module 3

eat et eat et emt emt
Q0D s axygen 700 84 97 4 T34
s N ® 30 % 2,3 63 36
‘?:llndn usN 33 03 32 06 M 07
as P 0.6 18 1,6 16 4,6
Onthophosphace ssP 69 03 11 14 12 46
Nitrate as N - b - 43 - 48
Total volatile fatty
acids as CHyCOOH 144 - 6 - 5% -
(All results expressed as mg/f)

RANGR OF POLYHYDROXYBUTYRATE LEVELS IN THE

THEER PLANTS STUDIED
Sample description il hnd
Misinem Msximum Avemge
valoe valus (a=16)
Moduis 2
sone 37 190 125
Ancxic 300e 13 b | 38
k anoxicC 300¢ 13 30 33
SDOXIC 200¢ 12 40 29
Northem Warks Module 2
Anaerobic 3oo0e 13 ” 47.
Anaxic 30ne 20 ® 33
Acwobic mooe 12 51 28
Nocthemn Wodks Module 3
Anserobic zone 21 33 4
Anczic acoe 20 “ 32
Primary anoxic s00e 4 “ 23
Secoadary aesobic 300 4 Q 19
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1987). The two storage compounds along with other
possible compounds are referred to as PHA’s (polyhydroxy
alkalonates). Comeau et al., (1987) also studied the
effect of various fatty acids on the accumulation of
PHA’s. The results indicated that even chain compounds
favoured accumulation of PHB and odd chain stimulated
accumulation of PHV (Figures 19 and 20). Acetate and
propionate together stimulated highest accumulation of
PHV. Abu-ghararah, (1988) has proposed models for the
synthesis of storage polymer in the anaerobic zone
starting from even and odd chain carbon compounds. They
have also suggested the possibility that the synthesis of
PHA’s takes place concomittantly with the synthesis of
PHB, and the nature of the compound accumulated depends
on the chemical structure of the VFA i.e. number of

carbon atoms and degree of branching.

According to Arun et al., (1989) P accumulating bacteria
should also be capable of accumulating glycogen as
storage compound under aerobic conditions. The authors
studied uptake of different organic acids under anaerobic
conditions by P accumulating sludge. The uptake of
organic acids was accompanied by a decrease in internal
glycogen reserves and evolution of CO;. Based on these
results the authors suggest that NADH used in PHB

synthesis is generated through the metabolism of glycogen

72



Dynamics of carboa reserves

30 - SCFA Addition < Aeration—b>
ag
O~
-0
So
oE
wv
] Legend
-~ 30 7 a annl
~ 110  valerate
ga 20 1| Fermate
mO D Perm. Sow.
_‘(; 10_] E Lectete
8‘5' ) ® Butyrete
0 -
g
m@
I
oo
E
0
~ 20-
-~
> -
T
oo 104
£ 0
O v | N T d | o I v 1 !
1 3 5 7 9 1n
Time (h)

Effects of various short chain fatty acids (SCFA’'s) addition on phosphate and FHA.
At 8 hours, the estimated soluble SCFA concentration for formate is shown.

Figure 19. From Comeau et. al., (1987).

73



30 - Acet. &/or Prop. <<— Aeration—&>
i
T~ 204
O
2a
32 ]
»=  10-
0
301
Legend
Tl a Centrol
-~ ® Acetete
S 20-|c 2acertirrep.
oa _j O JAcet. +2Prop.
EIO 8 Preplenste
E 10-
1 +——
0
30+
I 20
~
>
22 |
oo
E 10
* R — 4"’\_‘,‘
0 T T T T v il 4 I ' I '
1 3 b 9 n

7
Time (h)

Effects of combinations of acetate and propionate addition (30 mg COD/1) om
phosphate and PHA. Acetate and propionate were added in the following proportions: 1.00:0.00_
0.67:0.33, 0.33:0.67, and 0.00:1.00 of the amount of COD added.

Figure 20. From Comeau et. al., (1987).

74



reserves and the degradation of glycogen reserves helps
in maintaining the redox balance in the anaerobic zone

for bacterial survival.

Proposed Models Describing Biological Phosphorus Removal

by Bacteria

Several models have been put forth to explain the
mechanism of P uptake in the aerobic zone and the
mechanism of release in the anaerobic zone. All the
models incroporate the synthesis of stored compounds of
PHB, PHV or both, accompanied by substrate uptake and P
release in the anaerobic phase and synthesis of poly-P
with P uptake and utilization of internal stored reserves

in the aerobic zone.

Mino et al., Model (1985)

Mino et al., used 32p 1abelled orthophosphate in an
anaerobic/aerobic system and studied the functions of
intracellular polyphosphate. Results indicated that low
molecular weight poly-P (L-PP) was degraded in the
anaerobic zone for energy purposes. High molecular
weight poly-P (H-PP) served as a phosphorus source for
various reactions and as the energy source for

synthesising L-PP in the aerobic zone (see Fig 21).
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A model was proposed based on experimental results.

(Fig 22).

Anaerobic Phase:

L-PP degrades to provide ATP and Pi is released to the
supernatant (S-P). H-PP serves as phosphorus source for
cellular syntheses.

Aerobic Phase:

H-PP is used as P source for the cellular syntheses and
L-PP is synthesised from ATP

H-PP is synthesised from S-P (supernatant phosphorus).

Nicholls and Osborn Model (from Wentzel et al., 1986).

Anaerobic Zone:

According to Nicholls and Osborn, (1979), under anaerobic
conditions those bacteria that are capable of
accumulating hydrogen ions as poly hydroxybutyrate
survive in the anaerobic zone. In the anaerobic zone
bacteria take up carbohydrates (Glucose) and metabolise
it to acetylCoA via EMP pathway.

AcetylCoA 1is used for synthesizing PHB and ATP.

Bacteria degrade poly-P and use it as a phosphorus source
for synthesizing ATP from acetyl COA and release the

excess P.
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ATP generated is used as the energy source for cell
maintenance.

Aerobic Zone:

In the aerobic zone these bacteria, due to the presence
of stored PHB, outcompete other bacteria by utilizing it
as a source of carbon and energy for growth, and to

accumulate poly-P.

Rensink Model (from Wentzel et al., 1986)

A similar model was put forth by Rensink for P release

and uptake by Acinetobacter.

Anaerobic Zone:

Low molecular weight fattyacids are used as substrate.
The fattyacids are used to synthesize PHB by using ATP.
ATP needed is generated from poly-P and Pi is released to
the outside.

Aerobic Zone:

PHB stored is degraded to accumulate poly-P.

Marias et al., Model (1983)

Marias et al also proposed a model describing the

mechanism of P release and uptake.

Anaerobic Zone:
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Organisms use acetate, glucose fermented to acetate and
glucose as substrate and synthesize PHB.

Poly-P is degraded to produce energy for cell
maintainance and ATP for PHB synthesis.

Aerobic Zone :

Same as other models.

Wentzel et al., Model(1986).

Wentzel et al, (1986) have put forth another model for

Acinetobacter. According to their model, in the anaerobic

phase unavailability of external electron acceptors (NO4
or 0, ) results in an increase in the ratio of NADH/NAD.
The ATP/ADP ratio decreases due to the lack of oxidative
phosphorylation. This stimulates the production of ATP
via degradation of poly-P which in turn results in the
release of P into solution. In addition, the organisms

take up carbon and store it as PHB.

In the aerobic stage, due to the presence of 05,

oxidative phosphorylation occurs resulting in an increase
in the ratio of ATP/ADP. This increased ratio, combined
with the degradation of PHB serving as the carbon source,

drives the formation of poly-P.
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Comeau et al., Model (1986).

The main features of the model under anaerobic conditions
are 1) Incorporation of acetate as PHB. 2) Degradation
of poly-P and release of P to the medium (see Figs 23 and
24).

For the incorporation of acetate as PHB transport of
acetate into the cells has to be considered. Murphy and
Lotter, (1986) suggested that acetate enters the cells
through passive diffusion. The authors propose that
acetate accumulates inside the cell against a pH
gradient. The gradient needed for initial diffusion of
acetate has been proposed to be generated by the
breakdown of ATP and ejection of H' to the outside. ATP

used again is a breakdown product of poly-P.

The Pi generated along with ATP is released to the
outside, again through pH gradient sensitive phosphate
carrier. ATP generated from poly-P is also used to
activate acetate to acetylCoA. NADH needed for the
synthesis of PHB from acetylCoA is generated by passing

acetylCoA through the TCA cycle.

The mechanism of synthesis of poly-P in the aerobic zone

is similar to that of Wentzel et al., (1986).

80



H*'Ac™
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AcCoA—™ ™
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@
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¥ 72— A pH-sensitive
carrier
Blo P bacteria Pim M*

Postulated model for anaerobic metabolism of bio-P bacteria. Ac~, acetate; AcCoA, acetyl CoA;
H*, proton; HAc, acetic acid; M*, metallic cation; NADH, reduced nicotinamide adenine dinucleotide;
PHB, poly-f-hydroxybutyrate; Pi, phosphate; polyP, polyphosphate; TCA, tricarboxylic acid (cycle).
Under anaerobic conditions, substrates (such as acetate) diffusion as neutral molecules will decrease the
pH gradient of bacteria. Bio-P bacteria will be able to utilize their polyphosphate reserves to reestablish
the pH gradient possibly directly or via the production of ATP. Polyphosphate can also provide energy
for the formation of acetyl CoA. Storage as PHB of acetyl CoA requires NADH which the TCA cycle
can produce anaerobically. Phosphate expulsion takes place because of the excess of phosphate molecules
accumulating in the cell. A pH gradient-sensitive carrier could “‘sense™ that phosphate cannot be used

for synthesis. Metallic cations are co-transported with phosphate.

Figure 23. From Comeau et. al., (1986).
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Biochemical model for enhanced biological phosphorus removal

carbon
substrates

Bio P bacteria

ET.C

. Postulated model for aerobic (and anoxic) metabolism of bio-P bacteria, AcCoA, acetyl CoA;
E.T.C., electron transport chain; H*, proton; M *, metallic cation; NADH, reduced nicotinamide adenine
dinucleotide; NO,, oxidized nitrogen; PHB, poly-$-hydroxybutyrate; pmf, proton motive force; polyP,
polyphosphate; TCA, tricarboxylic acid (cycle). Consumption of external or stored substrate in presence
of oxygen (or oxidized nitrogen under anoxic conditions) will allow bio-P bacteria to produce a proton
motive force (pmf). The pmf can be used, in particular, for phosphate transport and ATP production.
ATP is then utilized for growth but also for polyphosphate storage as a result of the availability of soluble

phosphate and of energy. Metallic cations are co-transported with phosphate molecules.

Figure 24. From Comeau et, al., (1986).
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Arun et al., Model (1989).

In the earlier models it was hypothesized that NADH
required for PHB synthesis was generated through TCA
cycle. According to Arun et al., (1989) this was
incompatible with the accepted function of the TCA cycle.
They therefore conducted experiments to find out

alternate pathways for the production of NADH.

They carried out batch experiments using acetate as the
feed under anaerobic conditions. Mixed liquor parameters
such as orthophosphate and acetic acid and intracellular

parameters such as PHB and carbohydrates were measured.

Figures 25 shows the uptake of acetic acid, release of
phosphate, synthesis of PHB, utilization of internal CHO
reserves and CO, production. An estimation of NADH
produced from the degradation of internal glycogen
reserves exceeded the theoretical requirement of NADH for
the production of PHB for the amount of acetate utilized.
Based on these results the authors concluded that the

generation of NADH through TCA cycle was very remote.

The authors therefore proposed that in the anaerobic
phase glycogen reserves are degraded through the EMP

pathway to produce NADH used for PHB synthesis and poly-P
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is degraded to ATP and Pi. ATP is used in glycogen
metabolism and production of acetylCoA, and Pi is

released to the outside (Fig 26).
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Acetate

. Pathway for acetate uptake and storage as PHB,
mediated by glycogen consumption under anaerobic condi-
tions.

Figure 26. From Arun et. al. (1989).
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MATERIALS AND METHODS

INTRODUCTION

Published studies of bacterial populations in BNR plants
have utilized mainly direct plating and fluorescent
antibody techniques (Fuhs and Chen, 1975; Deinema,
1980,1985; Lotter, 1985; Brodisch and Joyner, 1983;
Brodisch, 1985). These studies have implicated several
different genera of bacteria involved in P removal.
However, recent studies have focused mainly on

Acinetobacter calcoaceticus. The conclusion reached in

recent years, mainly by researchers in South Africa, is

that Acinetobacter calcoaceticus is the principal, and in

most cases, the only population of bacteria involved in P

removal.

Currently, methods available to enumerate poly-P bacteria
include direct plating, staining, fluorescent-antibody
technique and density gradient centrifugation. These
methods, however all entail shortcomings. Although

staining is quick and easy, the identity of the bacteria
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cannot be determined. Direct plating may not recover all
types of bacteria involved. A selective medium for poly-
P bacteria is difficult to formulate because the species
involved belong to different families. Therefore, this
study was conducted with the aim of developing methods
for screening bacteria involved in P removal including
the formulation of media that takes into account the

physiological characteristics of the bacteria.

Phosphorus removal can be accomplished only when a
microbial population on a suitable substrate is subjected
to anaerobic conditions followed by aerobic conditions.
Studies conducted to explain the mechanism of P
accumulation show a close interaction between
fermentative bacteria and poly-P bacteria. It has been
shown that poly-P bacteria incorporate fermentation end
products in the anaerobic zone as PHB and/or PHV (poly
beta hydroxybutyrate and poly beta hydroxyvalerate
respectively). Since all the poly-P bacteria that have
been implicated in excess P removal are facultative and
aerobic bacteria, the capacity to utilize the
fermentation end products aerobically is highly probable.
Media and methods were therefore developed to enumerate

poly-P bacteria based on this physiological property.
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Hypotheses

Hypothesis 1: An MPN determination of bacteria from a
BNR plant using media containing acetate, propionate,
butyrate and D,L-3-hydroxybutyrate (a monomer of PHB)

should recover mainly poly-P bacteria.

The formulation of the hypothesis was based on the fact
that poly-P bacteria anaerobically incorporate the above
carbon sources as PHV and PHB. The utilization of these
compounds aerobically can be expected as the capacity to
transport these compounds into the cell remains the same.
All the above carbon sources can be routed (metabolized)
through the TCA cycle aerobically. Fermentation end
products are extensively used as carbon sources for
isolating poly-P bacteria (Fuhs and Chen, 1975; Dienema,
1980; Dienema, 1985). Further, good chemical oxygen
demand (COD) removals have been observed even in the
absence of excess P removal or simultaneously with low
quantities of P removal in BNR plants. In many such
situations the incoming COD is still fermented in the
anaerobic zone. Chemical oxygen demand removal in the
aerobic zone can be expected to be through the metabolism

of fermentation products.

89



In addition to hypothesis 1 which related to the
objective stated, a second hypothesis was also proposed
and tested. This hypothesis was based on the

observations made during the experimental verification of

hypothesis 1.

Hypothesis 2: Samples from a conventional activated
sludge or BNR plant approaching failure will show MPN
with propionate = MPN with acetate, whereas the samples
from a working BNR plant will always show MPN with

propionate < MPN with acetate.

SUMMARY OF METHODS

Samples were collected from the last aerobic zone of a
pilot scale BNR plant. Dilutions from the sample were
used in determining the MPN. 1In order to check whether
the recovered bacteria were involved in excess P removal,
the MPN tube cultures were plated on solid media. The
cultures were then Gram stained, and Gram-negative
bacteria were identified. The identified bacteria fell
into two distinct groups of bacteria. Since almost 170
cultures were processed, and testing each isolate was not
a feasible project for a single researcher, one or two

representatives from each group were selected and batch
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tests were conducted to determine their capacity to

accumulate P.

MATERIALS AND METHODS

Microbial populations (fatty acid utilizers and
denitrifiers) in the last aerobic reactor of a pilot BNR
plant were isolated and identified. Phosphorus removing
capacities of representative cultures of fatty acid

utilizers and denitrifiers were determined.

Description of the Experimental Treatment System

A pilot-scale, high-rate, UCT-type activated sludge
process for the removal of nitrogen and phosphorus was
used in this study. The process and design employed were
similar to the VIP-process originally investigated at the
Lambert’s Point wastewater treatment plants of Hampton
Roads Sanitation District in Norfolk, Virginia, as

reported by Randall et al., (1987).

Three activated sludge systems were operated in parallel
for the purposes of a separate study (McClintock, 1990).
Two systems were operated to achieve nutrient removal and
the third system was operated as a fully aerobic,

conventional activated sludge type system. Samples used
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in the study were obtained from the system operated at 15

day MCRT to achieve nutrient removal.

The system was constructed of 3/8 inch Plexiglass, the
total volume of the reactor was 50.4 L and the system
included a clarifier with a volume of approximately 12.6
L . The reactor was divided into 12 equal sections by
baffles. The flow was under the first baffle in the
unit. The baffles were placed in the reactor so as to
achieve fluid flow over one baffle and then under the

next, simulating plug flow.

As can be seen in Fig. 27 the first three sections of the
system were anaerobic, the second three anoxic, and the
final six were aerobic. Aeration was provided by air
compressors and diffuser stones. Return activated sludge
(RAS) from the clarifier and mixed liquor from the last
aerobic section were recycled to the first anoxic
section. Mixed liquor from the last anoxic section was

recycled to the first anaerobic section.

The experimental reactors were housed in an insulated
utility building on the campus of Virginia Polytechnic
Institute and State University (Virginia Tech). A

thermostat controlled a heating and cooling system to
maintain the desired temperatures inside the building.
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ANOXIC RECYCLE

WASTE SLUDGE
>
INFLUENT EFF
NITRATE RECYCLE
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|- ANAEROBIC —}— ANOXIC ——}—— AEROBIC ————
Figure 27. Schematic of the experimental BNR system.
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Raw sewage from the final sewer of the Blacksburg-VPI
Sanitation Authority was pumped twice a day into a 265 L
storage tank. To ensure P in the influent was not
limiting, approximately 13 mg/L phosphorus was added as a
concentrated solution of potassium phosphate to the
holding tank. The influent waste to the reactor was held
in the tanks for 12 h so as to equilibriate with the
operating room temperature and to promote fermentation

before it was fed to the systenm.

The plant was operated at a nominal detention time of
eight hours. Wastewater flow was 151.2 L/day. The
recycle flow rates were on a ratio of 1:1 with the
influent flow. Wastewater and recycle flow rates were
maintained with peristaltic pumps. Mean cell residence
time (MCRT) in the reactor was maintained by wasting
required amounts of solids. A detailed description of
the maintenance tasks performed can be found in

McClintock, 1990 and Pattarkine, 1991.

Samples were taken when the reactor was operating at a 15
day MCRT and at 20° C. Most Probable Numbers of fatty
acid utilizers and denitrifiers were also determined at

15 day MCRT but with an operating temperature of 10° c.
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Sampling

Samples were collected in a sterile glass bottle
containing sterile glass beads. The glass beads were
used to enhance break up of the flocs. The transit time
was approximately five mins. The samples were processed

immediately after bringing them back to the laboratory.
Media

A mineral solution base containing trace element solution
was used in the preparation of the VFA media. The

composition of mineral and trace element solutions are as

follows:
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Mineral Solution: Na,HPO, .12 H,O
KH2P04
MgSO, . 7H,0

NH,C1

Ferric Ammonium-

Citrate
CaCl2

Yeast Extract

Trace Element soln...

Distilled Water

Trace Element Solution:

Zns0, . 7H,0 ..
MnCl, .4H,0 ..
H,BO,

CoCl,.6H,0 ..
cucl, . 6H,0 ..
NiCl,.6H,0 ..

Na2M004.2H20 .o
Distilled Water ..

(Gherhardt et al.,

96

1000 ml

.10.0 mg

.03.0 mg
.30.0 mg
.20.0 mg
.00.79 mg
.02.0 mg
.03.0 mg

.1000 ml

1981, Manual of Methods

Bacteriology)



Carbon Substrates:

Sodium Acetate ce.3.72 g/1
Sodium Propionate ...2.90 g/1
Sodium Butyrate ...2.50 g/1

D,L,-3-hydroxybutyrate...2.30 g/1

Denitrification Medium:

Sodium Acetate ...4.0 g
KNO4 ...1.0 g
K,HPO, ...0.5 g
MgSO, . 7H,0 ...0.2 g
caCl,.2H,0 ...0.1g
FeCl, ...0.2 g
Yeast Extract ...0.5 g
Trace Element Soln ...60 ml
Distilled Water ...1000 ml

Identification of Bacteria

The isolated bacteria were identified using the
Analytical Profile Index (API) 20E system (Analytab
Products, New York, USA). The oxidase and fermentative
tests were performed using media and reagents as

described in the "Manual Of Methods In Bacteriology"
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(Gherhardt et al.,'1981). This was done both to save
costs and to assure good quality of the reagents. The
oxidase test reagents (API) are good for only 20 days
after preparation. The motility medium was obtained
from API and the McConkey medium was prepared in the

laboratory.

MPN and Isolation of Microorganisms Capable of Growth on
Short Chain Fatty Acids and Denitrifiers.

The sample was shaken vigorously for 5 min on a vortex

mixer. Dilutions were prepared in the mineral solution.

Procedures followed are shown below.
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METHOD 1

Sample

Dilutions transferred to

Mineral solution + Na-acetate
Mineral solution + Na-propionate
Mineral solution + Na~Butyrate

Mineral solution + D,L-3-Hydroxybutyrate

Tubes incubated at room temperature
(26=-29) for 48 hrs.

MPN recorded (turbidity in the
tubes represented growth of
bacteria)

Dilutions from the three
highest dilutions (positive MPN tubes)
were prepared

0.1 ml of the dilutions were plated

Dilutions
transferred to
Denitrification
Medium.

Tubes incubated
at room
temperature for
7 days
anaerobically

MPN of
Denitrifiers,
NO., producers
and NO4
Utilizers was
recorded

Dilutions from

the three highest
dilutions were
prepared.

on solid agar

3-5 colonies (in proportion to
their occurrence) of each type
were picked 0.1 ml was
plated on

solid medium

Pure cultures isolated
Plates were
incubated
aercbically
Cultures identified.
3-5 colonies of
each
type picked

Pure cultures
isolated

Cultures
reinoculated
into denitrification

mediumnm

Denitrifiers and

nitrite

accumulators
identified.
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METHOD 2

Sample

Dilutions prepared Dilutions
2a | 2b transferred to
Denitrification
Dilutions 0.1 _ml o£ Medium.
transferred to 1073,107%
Mineral solution + 10”7
Na-acetate plated on
Acetate agar
Plates incubated
at ron temperature
2 plates together
containing 15 colonies
were selected.
Purelcultures isolated
Cultures identified.
Tubes incubated at room temperature Tubes incubated
(26-29) for 48 hrs. at room
temperature for
7 days
anaerobically
MPN recorded (turbidity in the
tubes represented growth of
bacteria) MPN of
Denitrifiers
NO, producers
Dilutions from the three and NO
highest dilutions (positive MPN tubes) Utilizers was
were prepared recorded
0.1 ml of the dilutions were plated Dilutions from
on solid agar the three
highest
dilutions were
prepared.
A single plate containing
15-20 colonies was selected.
colonies were picked 0.1 ml was
plated on

solid medium

Pure cultures isolated

Cultures identified.

Plates were
incubated
anaerobically

A single plate
containing
approximately
20 colonies was

picked

Pure cultures
isolated

Cultures
identified
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Determination Of P-Removing Capacities Of Selected
Isolates

Pure cultures isolated from methods 1 and 2 were
maintained on agar slants. One culture of each species
or genus (based on the identification) was selected, and
its capacity to accumulate P, when subjected to
alternating anaerobic and aerobic and anoxic/aerobic
conditions in the case of denitrifiers was determined as

follows:

Method 1

Cultures of bacteria were individually inoculated into
acetate, propionate, butyrate and D,L,-3-hydroxybutyrate
medium in 50 mL, screw-capped tubes with stoppers lined
with Teflon septa. The cultures were subjected to
aerobic conditions by bubbling sterile air (air passed
through a cotton plug), through a sterile needle inserted
into the tubes. For creating anaerobic conditions, the
air source was replaced with nitrogen gas. The culture
was allowed to grow aerobically for 14 h in order to
increase the VSS (volatile suspended solids)
concentration in the medium. The cultures were then

subjected to anaerobic conditions for 2h followed by
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aerobic conditions for 2h, anaerobic for 1.5 h and

finally aerobic for 1.5 h.

Samples were taken at the end of the experiment for the
analyses of total phosphorus (including P in cells),
total soluble P (P in the medium minus that in the
cells), total solids (TS) and total volatile solids
(TVS). Loopsful of the cultures were also stained to

observe for the presence of poly-P.

Method 2

A slightly modified method as followed by Ye et al.,

(1988) was used to analyze cultures for their capacity to

accumulate P under alternating anoxic/aerobic conditions,

P accumulating capacities of Pseudomonas sp and
Acinetobacter sp. were studied. Denitrification medium,

with 0.5 g KH,PO, (instead of K,HPO,) was used.

The total detention time in this experiment was 7.5-9.5
h. Because of this short detention time, in order to
ensure P accumulation in the final aerobic phase, the
quantity of substrate used was reduced by one half from
the quantity used in method 1. The cultures were
initially grown in 100 mL. of full strength (substrate

concentration) denitrification medium for 2-3 days.
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Sixty mL of the cultures were then centrifuged in sterile
centrifuge tubes at 6000 rpm for 10 min. The supernatant
was decanted and the cell pellet in the bottom was
resuspended in 5-6 mL of the medium depending upon the

size of the pellet as seen visually.

One to two mL of concentrated cultures were inoculated
into tubes containing the different sources of carbon.
The cultures were subjected to anoxic conditions,
followed by aeration for 1.5-2 h, anoxic conditions again
for 1.5-2.0 h and finally aerated for 3-4 h. Samples
were taken at the end of aeration and analyzed as in

method 1.

Total P Measurement

Total P in the medium was determined by taking a well-
mixed sample. Total soluble P in the medium was
determined after filtering it through a 0.20Mm filter to
remove bacterial cells. The ascorbic acid method as

described in Standard Methods for the examination of

water and wastewater (1980) was used for the analyses of

all total-P.
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Polyphosphate Staining

Cultures were stained with Methylene Blue stain for 30 s
to observe for the presence of poly-P, as described in

Manual of Methods In Bacteriology (Gherhardt et al.,

1981).

Determination Of TS and TVS

Five mL of the culture were transferred to a preweighed,
ceramic crucible. Total Solids (which included dissolved
solids) was estimated by drying the contents in the
crucible to a constant weight at 105° C. Total volatile
solids was then determined by igniting the TS at 550%
50° ¢ for 15-20 min and reweighing the crucible after

cooling. The loss on ignition was recorded as the TVS.

Determination Of Percent Phosphorus In the cells

The percent phosphorus in the cells was determined by
subtracting the total soluble P in the medium from the
total P and dividing the number obtained by the TVS
concentration and then multiplying it by 100 to get the

final percentage.
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RESULTS

Summary

Most probable numbers of poly-P bacteria and denitrifiers
were determined using volatile fatty acid media.

Cultures were plated onto solid media and 3-5 cultures of
different colony types were picked. Sixty-three cultures
were identified using method 1. Coliforms comprised 40
percent of the total, 33 percent belonged to the

Aeromonas/Vibrio group, 19 percent of the total was

comprised of Pseudomonas sp. and only about 5 percent

belonged to Acinetobacter sp.

An isolate each of Pseudomonas sp., Aeromonas sp.

(hydrophila) and Acinetobacter sp., representing the
three main groups, were screened for their capacity to
accumulate P under alternating anaerobic/aerobic
conditions. All three tested cultures showed the
capacity to accumulate large amounts of P, but the

accumulation capacity varied with the type of substrate.
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The results indicated that the MPN method recovers mainly
poly-P bacteria and can therefore be used as a quick

screening method (i.e to ascertain the numbers) for poly-

P bacteria in a BNR system. The Acinetobacter sp. were
recovered to a greater extent when grown on the
denitrification medium, indicating that they may play a
more important role in the denitrification process than
in poly-P accumulation. Bacteria belonging to

Pseudomonas sp., Aeromonas sp. (hydrophila)

Acinetobacter sp. and coliforms were recovered both on

the denitrification and on fatty acid media, indicating
that these populations are involved in both

denitrification and P removal.

Coliform recovery was the highest on propionate agar.
Coliforms have been recovered to a lesser extent than
non-coliforms in reported studies involving the study of
bacterial populations in BNR plants (Brodisch and Joyner,
1983; Lotter and Murphy, 1985). It is widely believed
that coliforms are present in high numbers in
conventional treatment plants. Phosphorus removal in BNR
plants has been mainly attributed to the activity of non-
coliform bacteria. A comparison of MPN in acetate and
propionate media, therefore, indicates the development or
increase in numbers of poly-P bacteria other than

coliforms in any given system. Hypothesis 2 previously
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stated, therefore, was verified. The results suggest
that in conventional treatment plants, MPN values
determined in acetate and propionate media do not

significantly vary, but do vary widely in a BNR system.

Performance of BNR Unit During the Period of Sampling.

Figure 28 shows the steady-state, orthophosphate P
concentration in the pilot plant influent and effluent
during the period when samples for bacteriological
analyses were taken. Figure 29 shows the percent
phosphorus in sludge from the pilot BNR and conventional
reactors. It can be seen that good P removal was being
achieved. Figures 30-32 show the influent and effluent
COD, S.S, and nitrogen concentrations during the study
period, illustrating that good performance, including
nitrification and denitrification, was also being

achieved.

Comparison of MPN of Fatty Acid Utilizers and

Denitrifiers at Different Process Operating Temperatures.

Table 14 shows MPN’s of bacteria growing in different
fatty acid media. Compared to acetate, more numbers of
bacteria were recovered from media containing the higher

molecular weight fatty acids, with the exception of
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Table 14 . MPN of fatty acid utilizers in samples obtained
during reactor operating temperatures of 10° and
20° ¢ (numbers per 100 ml).

Media 10° ¢ 20° ¢
Acetate 1.7 x 108 3.6 x 107
Propionate 6.4 x 10’ 1.1 x 107
Butyrate 3.6 x 108 7.8 x 107/
D,L,-3-hydroxybutyrate 3.5 x 108 3.5 x 108
Denitrification Medium 4.0 x 10%* 2.4 x 10°%
(0.1 % KNO;)
Denitrification Medium No growth of
(0.02 % KNO,) denitrifiers

growth of

sulfate reducers

only.

3.0 x 106

Values are averages of three replicates.
*Average of duplicate samples
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propionate. Although more growth with high molecular
weight compounds is to be expected, as it is
energetically more efficient to utilize these compounds,
the pattern did not hold when propionate was used as the

substrate.

Growth was observed in the denitrification medium during
the first 48 hrs but gas production was not observed
until after 48 hrs of incubation. This delay in gas
production was most likely due to the low growth rates of
the denitrifiers. When 0.02% KNO; was used instead of
0.1% in the denitrification medium to eliminate nitrite
toxicity, (as suggested by Gamble et al., 1977) growth of
sulfate reducers totally masked the growth of
denitrifiers. Other concentrations of KNO; were not
investigated. It is possible that the optimum
concentration of KNO; lies between 0.02-0.1%. Since
acetate was used as the carbon source in the
dentrification medium, the growth of sulfate reducers

implies the activity of Desulfotomaculum acetoxidans the

acetate-utilizing, spore-forming anaerobe. This
" indicates that spore-forming strict anaerobes survive in
the aerobic sections of the BNR system and are present in

the system.
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Identification of Bacteria Growing on Fatty Acids.

A total of 63 cultures isolated by Method 1 were
identified (Table 15). All the cultures characterized as
"good likelihoods" according to the API data base were
subcultured and identified. The cultures were inoculated
into the strips two to three times for reidentification.
Since the cultures were of environmental origin, and the
API system is designed for the identification of clinical
strains, identification of the cultures to species level
was not possible. The identified cultures were

classified into several groups.

Of the 63 cultures, 18 were from acetate medium, and 15
each were from propionate, butyrate and D,L,-3-
hydroxybutyrate (monomer of PHB). The identified
bacteria were classified into two major groups,
Enterobacteriaceae /Vibrionaceae and others. Table 15
shows the distribution of the bacteria. More than two
thirds of the identified bacteria belonged to the family
Enterobacteriaceae/Vibrionaceae. The genera comprising
the Enterobacteriaceae/ Vibrionaceae are: the coliforms
Echerichia, Enterobacter, Citrobacter and Klebsiella and
Aeromonas/Vibrio group. The genera of bacteria grouped
under "others" were represented by Acinetobacter,
Pseudomonas, Moraxella and Achromobacter. The coliforms

represented 40 percent of the total followed by
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Table 15. Percentage of different groups of bacteria
growing on VFA media.

Number of cultures Percent Total#*
érowp
Enterobacteriaceae/

Vibrionaceae 46 73
Others 17 27
(Total=63) (100)
cenera T
Aeromonas/Vibrio 21 33.0
Enterobacter/Citrobacter
Klebsiella/Escherichia 25 40.0
Pseudomonas 12 19.0
Acinetobacter 3 5.0
Moraxella 1 2.0
Achromobacter 1 2.0
(Total=63)

* Percentages rounded off to the nearest integer and are
based on total number of cultures identified.
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Aeromonas/Vibrio which represented 33 percent of the

total.

The API test for Aeromonas/Vibrio suggested a high

probability that most cultures in this group belonged to

Aeromonas hydrophila. Acinetobacter sp. comprised only
about five percent of the total and Pseudomonas spp., 19
percent of the total. Some of the other genera

represented were Moraxella and Achromobacter. All the

isolated genera except Citrobacter have been implicated

in excess P removal.

Propionate agar recovered most of the coliforms. The
dominant populations of bacteria in the system, if growth

on propionate agar is not considered, were the

Aeromonas/Vibrio group followed by Pseudomonas, Coliforms

and Acinetobacter. The majority of the coliforms were

bacteria belonging to the species Enterobacter cloacae

and Citrobacter freundii
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Comparison Of Bacteria Isolated From Acetate, Propionate,

Butyrate and D,L,-3-hydroxybutyrate.

Tables 16 and 17 show the composition of the bacterial
communities isolated on VFA media. Coliforms,

Aeromonas/Vibrio and Pseudomonas spp. were recovered on

all VFA media. Coliform recovery was the highest on
propionate agar followed by acetate, D,L,-3-
hydroxybutyrate, and butyrate agar. Aeromonas/Vibrio
recovery was the highest on butyrate followed by D,L,-3-
hydroxybutyrate and Acetate and the lowest on propionate.

Pseudomonas recovery was the highest on D,L,-3-

hydroxybutyrate followed by butyrate, acetate and

propionate.

Pseudomonas and Aeromonas were recovered to the same

extent on D,L,-3-hydroxybutyrate. Acinetobacter was

recovered from acetate and D,L,-3-hydroxybutyrate media.

Pseudomonas was the dominant

nonenterobacteriaceae/Vibrionaceae organism on D,L,-3-
hydroxybutyrate. This was expected, as many species of

Pseudomonas have the capacity to degrade PHB.

The results also indicate that P removal in the BNR

system is due to the activity of several groups of
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Table 16. Percentage represented by genera of
Enterobacteriaceae/Vibrionaceae and
others on different VFA media.

Ace Prop Buty D,L

Entercbacteriaceae;
Vibrionaceae
Aeromonas/Vibrio 54.0 7.0 80.0 56.0
Coliforms 46.0 93.0 20.0 44.0

(100) (100) (100) (100)
others
Pseudomonas spp. 40.0 100.0 80.0 83.0
Acinetobacter sp. 40.0 —— ———— 17.0
Moraxella sp. 20.0 ———— ———— -—-
Achromobacter sp. ———- -———- 20.0 -—

(100) (100) (100) (100)
Total § Bacteria 18 15 1s 15
Identified

Ace=Acetate, Prop=Propionate, Buty=Butyrate and
D,L= D,L,-3-hydroxybutyrate.
Percentages rounded off to the nearest integer.
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Table 17 . Percentage of different groups of bacteria
growing on Acetate(Ace), Propionate(Prop),
Butyrate(Buty) and D,L,-3-hydroxybutyrate(D,L).

Genus/Group Ace* Prop* Buty#* D, L*

Aeromonas/Vibrio 39.0 7.0 53.0 33.0
Coliforms 33.0 87.0 13.0 27.0
Pseudomonas spp. 11.0 7.0 27.0 33.0
Acinetobacter spp. 11.0 —_— -—— 6.0
Moraxella sp. 6.0 -— - ——
Achromobacter sp. -—- -—- 6.0 -—

Total # of Bacteria
Identified 18 15 15 15

* Percentages based on total number of cultures identified
and rounded off to the nearest integer.
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bacteria. Contribution to P removal by the different
groups may depend on the concentrations of VFA produced
in the system. More than one group however can be

involved in P accumulation at any given time.

Comparison of Bacteria Isolated on Acetate Medium Using

Method 1 and Method 2.

Tables 18 and 19 show the different genera of bacteria
isolated by methods 2a and 2b. Method 2a was identical
to method 1 except that a single plate containing 15-20
colonies was picked in method 2a, whereas 3-5 colonies of
each type were picked in method 1. Almost 90 percent of
the cultures isolated by method 2a belonged to the

Aeromonas/Vibrio group. All of the cultures identified

by method 2a came from a single plate that received 10”7
dilution of the sample from the BNR plant. When method 1
was used, Aeromonas/Vibrio was the dominant group
cultured at 10~/ dilution. The results from method 1 and
2a are in agreement. The results also suggest that
method 1 is a reliable method for determining the

population distributions in a BNR systenm.

In method 2b all the cultures identified belonged to non-

Enterobacteriaceae/Vibrionaceae with Pseudomonas being

the dominant organism. The Aeromonas/Vibrio group did
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Table 18. Different genera of bacteria
medium using Method 2a.

Number of
Genera cultures
Aeromonas/Vibrio 13
Flavobacterium sp. 1
Unidentified 1
Total=15

— . —— - —— —— —— — — — ———— ————————— — —— . ——— — = —— A ———

recovered on acetate

total*

- — ———— ————————— ] —— - — —

* Percentages rounded off to the nearest integer and are
based on total number of cultures identified.
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Table 19. Different genera of bacteria recovered on acetate
medium using Method 2b.

Number of Percent
Genera cultures Total*
Pseudomonas spp. 2 29.0
Moraxella/Pasteurella-
Actinobacillus 2 29.0
Flavobacterium/Pasteurella-
Actinobacillus/CDC group II 3 43.0
Unidentified 7
Total=14

* Percentages rounded off to the nearest integer and are
based on total number of cultures identified.
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not dominate even though the same sample was analyzed by
both methods 2a and 2b. These results show that large
variations in bacterial population recovery can occur if
different methods are used. Selection of a single plate,
as in methods 2a and 2b, does not give wider recovery of
the different bacterial populations in a BNR plant.
Method 1, however gives a better recovery of all the
different populations present in the system. Method 1
and method 2a also recovered a lower percentage of gram
positive organisms (10-15 percent) when compared with

method 2b (30 percent)

Denitrifying Bacteria in the BNR System

Table 20 shows the percentage of different denitrifying
bacteria in samples from the BNR system. As stated in
the discussion of method 1, pure cultures were inoculated
into the denitrification medium, and the medium was
analyzed for the presence of N03' and NOZ". Cultures in
which no traces of NO;~ and NO,” were found were
classified as denitrifiers. No gas was visible in the
tubes. The cultures in which Noz" was detected were
classified as "nitrite producers" and the cultures in
which NO; was detected were classified as "nitrate

utilizers" (after Gamble et al., 1977).



Table 20. Genera of bacteria isolated on denitrification
medium using Method 1.

Number of Percent
Genera isolates Total*
DENITRIFIERS
Pseudomonas spp. 5 33.0
Pseudomonas/Alcaligenes 3 20.0
Moraxella/Flavobacterium 2 13.0
Moraxella sp. 1 7.0
Proteus sp. 1 7.0
NITRITE PRODUCERS
Moraxella/Pasteurella-
Actinobacillus 2 13.0
Morganella-Proteus-
Providencia 1 7.0
Total=15

* Percentage based on total number of cultures identified.
Percentages rounded off to the nearest integer.
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The denitrifying bacteria were represented by genera of

Pseudomonas, Moraxella, Proteus, Alcaligenes and

Acinetobacter. The dominant denitrifiers were

Pseudomonas spp. The results indicate that in the BNR

system Pseudomonas spp. play a very important role in
both denitrification and phosphorus removal. The nitrite
producers belonged to Moraxella/Pasteurella-

Actinobacillus and Morganella-Proteus-Providencia groups.

Denitrifiers isolated by method 2 were incubated
anaerobically after plating on denitrification medium. A
single plate containing 26 colonies was picked and pure
cultures of all the colonies were isolated on nutrient
agar (NA). Of the 26 colonies, five failed to grow
aerobically on NA. Since all denitrifiers are
facultative, the colonies that failed to grow can be

considered as nitrate utilizing anaerobes.

Table 21 shows the different genera of bacteria isolated

using Method 2. Here again Pseudomonas spp. was the

dominant denitrifier and Acinetobacter spp. was the

dominant nitrite accumulator. Bacteria belonging to the
family Enterobacteriaceae were also recovered.

Citrobacter and Aeromonas were found capable of growing

on denitrification medium. These results indicate that

Pseudomonas, Aeromonas coliforms and Acinetobacter

(@)}
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Table 21. Genera of bacteria isolated on denitrification
medium using Method 2.

Number of Percent of

Genera Cultures Total*
DENITRIFIERS
Pseudomonas spp. 2 11.0
NITRITE PRODUCERS
Acinetobacter spp. 8 42.0
Pseudomonas spp. 2 11.0
Acinetobacter/Pasteurella-

Actinobacillus 3 16.0
Citrobacter freundii 2 11.0
Aeromonas hydrophila 1 5.0
Pasteurella-Actinobacillus 1 5.0

Total = 19

* Percentage based on total number of cultures identified.
Percentages rounded off to the nearest integer.
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species are involved in both phosphorus and nitrogen
removal. The most important genera being Pseudomonas and
Aeromonas because of their contribution to both P removal

and denitrification.

P-Removing Capacities of Isolates

Tables 22, 23 and 24 show the percent phosphorus in

Pseudomonas sp., Acinetobacter sp. (calcoaceticus var

Lwofii) and Aeromonas sp. (A. hydrophila), respectively,

when different VFA are provided as substrates. It can be
seen that these cultures can accumulate P levels greater
than ten times the levels needed for normal metabolism.

Phosphorus accumulation was the highest Pseudomonas sp.

and Acinetobacter sp. when propionate was used as the

carbon source. High P accumulations in Aeromonas sp.

(A. hydrophila) were observed when acetate, butyrate and

D,L,-3-hydroxybutyrate were used as substrates.

It should be noted that the percent P accumulation in the
cells was based on the total volatile solids
determination. The percent P accumulation reported
therefore, cannot be considered exact due the errors
associated with the voltile solids determination.
Microscopic observation of the cultures at the end of the

cycle however, showed poly-P accumulations in the cells.
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Table 22. Phosphorus accumulation using different VFA by
Pseudomonas sp.

Substrate Percent Phosphorus#* TVS (mg/L) *
(mg P/mg TVS)

Acetate 1.0 2300

Propionate 27.0 1340

Butyrate 23.0 1600

D,L,-3-hydroxybutyrate 24.0 1500

* Percentages rounded off to the nearest integer and
represented in terms of total volatile solids
(TVS) .
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Table 23. Phosphorus accumulation using different VFA by
Acinetobacter sp.

Substrate Percent Phosphorus#* TVS (mg/L) *
(mg P/mg TVS)

Acetate .00 2800

Propionate 23.0 1880

Butyrate 2.0 1720

D,L,-3-hydroxybutyrate 20.0 2000

* Percentages rounded off to the nearest integer and
represented in terms of total volatile solids (TVS)
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Table 24. Phosphorus accumulation using different VFA by
Aeromonas sp. (hydrophila)

Substrate Percent Phosphorus#* TVS (mg/L) *
(mg P/mg TVS)

Acetate 21.0 3900

Propionate 26.0 3200

Butyrate 30.0 3080

D,L,-3-hydroxybutyrate 28.0 2980

(14 hr growth aerobically

followed by anaerobic/aerobic

cycles-see method 1)

D,L,-3-hydroxybutyrate 3.0 2800

(Subjected to 14 hrs

of anaerobiasis

followed by aerobiasis).

* Percentage rounded off to the nearest integer and
represented in terms of total volatile solids (TVS)
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Anoxic/Oxic Removal of Phosphorus

Table 25 shows the percent P accumulation based on
calculated VSS. Microscopic observation of the culture
taken at the end of cycle showed poly-P accumulations.

This behavior is worth further investigation.

Microscopic Examination of Excess P accumulation by

Different Cultures.

As described in the methods section, cultures were
subjected to alternating anaerobic/aerobic and
anoxic/oxic conditions. At the end of the cycle, the
cultures were stained to observe for the presence of
poly-P granules. Polyphosphate accumulations were seen
in the cultures. In many instances, poly-P granules

occupied the entire volume of the cells.



Table 25. Phosphorus accumulation using different VFA by
Acinetobacter sp and Pseudomonas sp. in an
anoxic/oxic cycle.

Substrate Percent Phosphorus TVS (mg/1)
(mg P/mg TVS) *

Acinetobacter sp.

Acetate <1.0 456
Acetate 8.0 204
Propionate 9.0 141

Pseudomonas sp.

Acetate 20.0 246

Acetate 8.0 174

* Percentages rounded off to the nearest integer and are
based on calculated values of total voltile solids (TVS).
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Verification of Hypothesis 2.

Tables 26 and 27 show the MPN values obtained for pilot
plant and Blacksburg STP samples using acetate and
propionate. The data from the two tables were analysed
separately and together. Analyses using Mann-Whitney and
Kruskal-Wallis (Table 28) show significant difference
between MPN values obtained for acetate and propionate
using pilot plant samples. However significant
difference was not found with samples from Blacksburg

STP. This verifies hypothesis 2.
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Table 26. MPN obtained in acetate and propionate media
in samples obtained from the pilot BNR plant.

MPN/100ml
Acetate T
sample 1 3.6 x 10/*
sample 2 5.0 x 10/*
sample 3 2.2 x 107%*
Propionate
sample 1 4.9 x 10%+
sample 2 1.7 x 107=*
sample 3 1.1 x 107*

* Sampled during spring-summer 1989.
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Table 27. MPN Obtained In Acetate and Propionate Media
in Samples obtained from the Pilot Plant and the
Blacksburg STP (MPN/100 ml).

Media Pilot BNR Blacksburg
Plant STP
Acetate 5
sample 1 1.6 x 10 5.0 x 10’
sample 2 2.4 x 108 2.0 x 107
sample 3 1.6 x 108 9.0 x 107/
Propionate
sample 1 2.3 x 10’/ 5.0 x 107
sample 2 3.0 x 10’ 5.0 x 10/
sample 3 1.3 x 107 5.0 x 107/

Samples obtained spring-summer 1990.

136



Table 28. Analyses of MPN’s in acetate and propionate media
in samples obtained from the pilot BNR plant and
the Blacksburg STP,using the Mann-Whitney and the

Kruskal-wWallis tests.

Prob (0.05)
Mann-Whitney

Prob (0.05)
Kruskal-wallis

Variables Sample
size

MPN in 3,3

acetate &

propionate

(Pilot BNR system)

MPN in
acetate &
propionate 3,3

(Blacksburg STP)

* Significant differences
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DISCUSSION

INTRODUCTION

It has been well established that poly-P bacteria have
the ability to utilize VFA’s anaerobically. They can
also be expected to metabolize these substrates
aerobically, as these substrates can be routed through
the TCA cycle. Thus, these organisms should be able to
utilize the fatty acids aerobically even if they are the
sole carbon source. Based on this assumption bacterial
populations from a BNR plant were isolated using short-

chain fatty acids as the sole carbon source.

Short-chain fatty acids have been used as the sole source
of carbon by others who isolated bacteria from P removing
wastewater treatment plants (Fuhs and Chen, 1975;
Dienema, 1980, 1985). Fuhs and Chen, (1975) isolated
bacteria from sludge, capable of removing P, using a
medium containing acetate as the sole carbon source. The
cultures were identified as belonging to Acinetobacter

spp. This medium has now been termed "Acinetobacter
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medium" and is extensively used to culture poly-P

bacteria.

Earlier research involving the study of bacterial
populations utilized direct plating on CGYA and
Acinetobacter agar. Following plating, plate/plates
containing nearest to 100 colonies (Lotter, 1985;
Dienema, 1980; Lotter and Murphy, 1985) were selected.
In the present study, however, the dilutions were
initially transferred to a liquid medium before plating
on solid medium. This initial transfer to liquid medium
is important because it simulates the natural growth in
waste and allows for the recuperation of stressed
organisms. An analysis of populations from this liquid
medium, therefore, should more accurately reflect the

true population structure in the activated sludge system.

Previous studies of BNR bacterial populations used
limited methods of identification and an aim of this
study was to use a comprehensive, rigorous approach. In
published studies involving direct plating, selection of
a single plate may have biased the identifications
towards a particular population. The medium used also
greatly affects the populations recovered. The use of FA
techniques are aimed at selecting a single group of

organisms. Some of the advantages of methods used in the

139



present study were: 1) Four different media were used to
recover a wider variety of bacteria. 2) Selection of
colonies isolated from plates inoculated with three
dilutions were selected , providing for the
identification of cultures that may not be numerically
abundant but are still present in sufficient numbers to
significantly contribute to P removal. 3) For each
combination of media type and dilution, contributions
from at least two replicates were made. 4) MPN technique
using the VFA media (mainly acetate and propionate) can
be used to enumerate the poly-P bacterial populations in

a quick and easy way.

MPN of Bacteria in Different VFA Media

The viable number of bacteria obtained in this study
ranged from 10% to 10© cells/mL. Comparing these numbers
with the numbers of viable bacteria observed by Cloete
and Steyn, (1988, Table 29) shows that the results of the
two studies are in agreement. However, the total viable
bacteria determined by the use of the Acridine Orange

[ (AO), staining for direct microscopic observation of
viable bacteria] technique (Cloete and Steyn, 1988, Table
30) gives counts almost two orders of magnitude higher
than those obtained in this study and that observed by

Cloete and Steyn (1988). This indicates that the actual
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Table 29. From Cloete and Steyn (1988)

Distribution of aerobic and facultative anaerobic Enterobacierioceae and other Gram-negative bacteria in
different zones of the Northern works AS sysiem

As zone
Anaecrobic Primary anoxic Primary aerobic
Number Number Number
Bacteria cm™? % em™? % ™’ %
Acinetobacter calcoaceticus 2.6 x 10 66.6 29 x 10* 67.4 55x 10 76.3
var. Iwoffii

Pseudomonas 40x10* 10.1 4.0 x 10° 9.3 4.0 x 10° 55
Aeromonas hydrophila 3.0 x 10° 1.6 6.0 x 10° 13.9 40 x 10° 5.5
Citrobacter freundii 2.0 x 10 5.1 - 0 1.0x 10* 13
CDC-Group 11 K-2 1.0 x 10° 2.5 - 0 — 0
CDC-Group Il F 1.0 x 10° 2.5 —_ 0 - 0
Shigella 1.0 x 10° 2.5 —_ 0 - 0
Kiebsiella oxytoca 1.0 x 10° 2.5 - ] — 0
Escherichia coli _— [} 1.0 x 10° 23 -_— 0
Serratia - 0 30 x 10 69 - 0
Pasteurelia - 0 -_ 0 50 x 10° 69
CDC-Group | V - 0 —_ 0 1.0 x 10° 13
Flavobacternem — 0 - 0 1.0 x 10* 13
Yersinia - 0 - (] 10 x 10° 13
Toul 39 x10* 43 x10 72x 10¢

Note: percentages are expressed as the percentage of the total number of baceria that could be identified and not the
total number of bacteria.
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Table 30. From Cloete and Steyn (1988)

Total AO counts of bacteria in dispersed AS retained on
Nuciepore filters with two different pore sizes®

Total AO count
Sample
number 0.45 um pore size 0.20 pm pore size
! 1.7x 10 80x 10 ‘<
2 1.6 x 10* 82x 10
3 2.2 x 10* 6.5 x 10*
4 1.6 x 10* 6.7 x 10*
S 1.7 x 10* 7.7 x 10°
X 1.7 x 10* 7.4 x 10
s 0.25 x 10* 0.77 x 10*

*The AO technique combined with sonication and dispersion in a
0.5% tripoiyphosphate solution was used.
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numbers of bacteria are probably two orders of magnitude
higher than those that can be recovered using the MPN or
other methods which involve the use of media. The exact
numbers may also be expected to be lower than the actual

because of the constraints involved in dispersing flocs.

The growth of bacterial populations appears to vary with
the type of substrate. The preferred substrates in
decreasing order are: D,L,-3-hydroxybutyrate, butyrate,
acetate and propionate, based on MPN obtained. It has
been found that microorganisms store PHV when
metabolizing odd chain compounds and PHB when
metabolizing even number compounds (Comeau et al., 1987).
The current study indicates that metabolism of compounds
with an even number of carbon are favored over metabolism
of compounds with odd number of carbons. Alternatively,
bacteria in the sample were predominantly those that
prefer fatty acids with even number of carbons over fatty

acids with odd number of carbons.

Propionate utilizers are probably secondary poly-P
bacteria which can take over P removal only when the
other fatty acid utilizers are less active. In other
words, when the population of other fatty acid utilizers
are reduced either due to lack of substrates or due to
selective toxicity, coliforms may dominate. The growth
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rates of P removers with propionate is very low when
compared to other fatty acids. This has been found to be
true with the pure culture studies conducted. Total
volatile solids concentration with propionate was

consistently lower than with other fatty acids.

Greater numbers of bacteria were detected in sewage when
the plants were operated at 10° C than when they were
operated at 20° C by analysis in all media except
butyrate. Flocs formed at lower temperatures are
possibly weaker and, therefore, are more easily
dispersed, giving higher numbers. This phenomenon may
also be a result of lower endogenous rates at 10° ¢ when

compared with 20° c.

Bacterial Populations in the BNR Plant

Coliform bacteria are present in enormous numbers in
domestic waste. They are facultative, hence can survive
the short anaerobic phase. They are capable of using
fermentation end products as has been shown in this study
and others (Buchanan 1983, Brodisch and Joyner 1983,
Lotter and Murphy 1985). They are also implicated in
excess P removal. VYet, coliform recovery in most studies
involving BNR plants has been minimal and usually no

recovery is reported.
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Results from this study indicate that the

Aeromonas/Vibrio group and coliforms combined were almost

75 percent of the total population of bacteria in the
system. Similar results were obtained by Brodisch and
Joyner (refer to Tables 3,4,5 & 6). They also found

species of Aeromonas and Pseudomonas dominating the BNR

plant they studied. However, they did not find colifoms
to the extent found in this study. One of the reasons
could be due to the difference in the incubation
temperature of the API strips. In the present study the
strips were incubated between 35-37° C as required by the
API method. However, Brodisch and Joyner incubated the
strips at 32° C. Enormous errors in the interpretation

of results can occur due to this temperature difference.

Brodisch and Joyner, (1983) attributed P removal to the

activity of Aeromonas, Pseudomonas and Acinetobacter. 1In

a later paper Brodish, (1985) suggested that the activity
of Aeromonas spp. in the system was mainly to produce

acetate for use by the Acinetobacter spp. They analyzed

the bacterial populations in a system at different P

removal capacities. When effluent P concentrations of

0.2 mg/L were achieved, the Aeromonas punctata comprised

18 percent of the population and Acinetobacter

calcoaceticus, 14 percent. When effluent P
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concentrations of 9.4 mg/L were obtained, there was no

recovery of Aeromonas spp but A. calcoaceticus comprised
67 percent of the total. When acetate was added as a
substrate to this system P removal improved greatly to
effluent concentrations of 0.4 mg/L. The Aeromonas spp
were now recovered and a majority of them belonged to
Aeromonas hydrophila. This indicates that Aeromonas
hydrophila are acetate utilizers rather than producers.
However, this point was not discussed in the paper.
Further, if the main function of these bacteria was to

produce acetate, a dominance of Acinetobacter

calcoaceticus should have been observed with the addition

of acetate. Therefore, the P removal observed could have

been due to the combined activity of Aeromonas hydrophila

and Acinetobacter calcoaceticus. This possibility also

was not discussed in their paper. Results from the
present study shows that Aeromonas sp. (hydrophila) can

accumulate P using acetate.

Lotter and Murphy, (1985) (refer to Figures 11, 12 and

13) have also isolated Aeromonas, Pseudomonas and

coliforms from a P removing system, but the recovery of

Acinetobacters was the highest. The dominance of

Acinetobacter in their study could have been due to the

use of CGY agar. Cloete and Steyn, (1988) compared the

recovery of Acinetobacter spp. using different methods
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including platings on CGY agar, and obtained results

which suggested that Acinetobacter spp. recovery was

favored by the use of CGY agar.

Although Acinetobacter spp. have been proposed as the

single most important population of bacteria in the BNR
system (Fuhs and Chen, 1975; Wentzel et al., 1986), other
studies indicate that different bacteria do contribute to

P removal. Acinetobacter spp. was found to accumulate

10-20 percent P on dry weight basis (Dienema, 1980).

Different strains of Acinetobacter were also found to

accumulate 6-10 percent P (Dienema, 1985). In addition

to this, Klebsiella pneumoniae (Gersberg and Allen, 1985)

and Pseudomonas vesicularis (Suresh et al., 1985) are

also known to accumulate high quantities of P.

Species of Pseudomonas and Aeromonas have been isolated

as major populations from P removing sludges. They have
also been implicated in excess P removal (Brodish and
Joyner, 1985, Lotter and Murphy, 1985). Although

Enterobacter and Escherichia coli are implicated in P

removal (Lotter and Murphy, 1985; Brodisch and Joyner,
1985; Buchanan, 1983 ) the amount of P accumulation by
these bacteria has not been demonstrated to be as high as

that seen in species of Acinetobacter or Pseudomonas (Ye

et al., 1988). The coliforms, therefore, can be thought
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of as secondary excess P removers until other evidence is
presented. In the system studied, the principal

populations of P removing bacteria were Aeromonas/Vibrio,

Pseudomonas, Acinetobacter and coliforms. This is based

on a product of numbers and P accumulating capacity.

Although Gram-positive organisms were not screened in
this study, the possibility of enhanced P removal by them
should not be overlooked. Species of Bacillus and

Arthrobacter globiformis have been isolated (Shoda et

al., 1980; Deinema, 1985) and the latter has been shown

to be capable of accumulating 20 percent P by dry weight.

Effect of Fermentation End Products on the Recovery of

Bacteria.

Various studies have been conducted to investigate the
effect of different VFA’s on P removal in BNR systems and

P removal by Acinetobacter spp. (Brodisch, 1985; Lotter,

1985; Deinema, 1985; Murphy and Lotter, 1986; Gerber et
al., 1986; Mostert et al., 1988; Winter, 1988 and Wentzel
et al., 1988). The effect of various VFA’s on bacterial
population structure has not been investigated. 1In the
present study, the recovery of different groups of

bacteria on the different VFA media was examined.
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It is clear from Table 16 that the kind of VFA used
greatly affects the recovery of different bacterial
groups. Acetate, butyrate, and D,L,-3-hydroxybutyrate

media recovered Aeromonas, Pseudomonas and Acinetobacter

in greater numbers than did propionate medium.
Propionate recovered mainly coliforms. It is possible
that when acetate is present as the predominant VFA in
the anaerobic zone the contribution to P removal by

Aeromonas and Pseudomonas will be high. When propionate

is produced as an end product of fermentation, P removal
by coliforms may be significant. The extremely high
recovery of coliforms on propionate agar suggests that
coliforms may be involved to a great extent in
metabolizing propionate either as a storage compound or
as a substrate for further conversion to other VFA'’s.
Propionate metabolism to other substrates by
microorganisms is well known (Gottschalk, 1979). It is
also possible that in the anaerobic zone the VFA’s
produced are partitioned or taken up by different genera
of bacteria to varying degrees. The growth rates of one
genus may dominate the other on any given substrate and

therefore may be isolated as the dominant group/genus.

Although butyrate agar did not recover Acinetobacter in

the present study, Acinetobacter has been recovered on

butyrate agar (Dienema, 1980). A high recovery of
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Pseudomonas on D,L-3-hydroxybutyrate medium is consistent

with the capacity of many Pseudomonas spp. to utilize

this substrate as a sole source of carbon.

It is well known that poly-P bacteria accumulate VFA’s as
PHB and PHV, and it has been shown that bacteria
accumulate VFA’s as PHV when using compounds with odd
number of carbon as substrates . Highest accumulations
of PHV in sludge were found when acetate + propionate
were fed together (Comeau, 1987). Since coliforms were
recovered in high numbers on propionate medium, it is
possible that they may accumulate PHV to a greater extent
than PHB. The results from the present study indicate
that different genera of poly-P bacteria metabolise VFA’s
differently or preferentially. Also, the addition of
different VFA’s to a BNR plant (when and if practiced)
which has lost the capacity to remove P, will be more

beneficial than the addition of a single substrate.

150



Phosphorus Removal Capacities of Different Bacteria.

As seen from Tables 22,23 and 24, Pseudomonas sp.,

Aeromonas sp. (hydrophila) and Acinetobacter sp.

(calcoaceticus) are capable of removing excess P. The
latter two cultures accumulated P in quantities similar

to that of Acinetobacter sp. on two of the substrates.

Wentzel et. al., (1988) found that by increasing the
acetate feed to a treatment plant the population of

Acinetobacter dominated the system, comprising up to 90

percent of the total population. In the present study

however, Acinetobacter sp. (calcoaceticus var Lwofii)

accumulated excess P using propionate and D,L,-3-
hydroxybutyrate but did not accumulate excess P using
acetate or butyrate. Pseudomonas sp. and Aeromonas Ssp.

accumulated excess P using all substrates.

Brodisch, (1985) also observed P removal by Acinetobacter

with acetate as feed. The metabolism of different

substrates by the different species of Acinetobacter

needs to be evaluated. Variation in P accumulations by

different strains of Acinetobacter has been observed

(Dienema et. al., 1985). Phosphorus accumulations varied
from 6-10 percent of the dry matter (solids dried at 1009

C). Phosphorus accumulations of 10-20 percent by dry
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weight has been observed in Acinetobacter sp growing on

butyrate medium (Dienema et al., 1985).

In this investigation, Aeromonas sp. (hydrophila) and

Pseudomonas sp. accumulated excess P using different

substrates. Similar quantities of P accumulation in

Pseudomonas vesicularis and Klebsiella pneumoniae (Suresh

et al., 1985) have been reported. It should be noted
that P accumulations in the literature have been
calculated in terms of dry weight, whereas, in the
present study they are in terms of total volatile solids.
Therefore, the percentages reported from the literature
if calculated in terms of VSS instead of TSS would be

higher than the reported values.

When propionate is used as the substrate, total VSS is
lower than with other substrates, although total P
accumulations are about the same. This may be due to the
synthesis of PHB+PHV which might result in higher P
accumulations. As mentioned earlier, Comeau et al.,
(1987) found highest accumulations of PHV when acetate

and propionate were fed together.

Ye et al., (1988) conducted similar P accumulation
studies using type cultures and activated cultures.

However, they did not observe P accumulations in
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quantities similar to this study (Table 9). It is possible
that the P accumulation capacity of isolates varies with
culture conditions and detention time. Standardized
procedures for testing to compare the P accumulation
capacities of different cultures need to be proposed and
adopted. The same species isolated from different
environments may show different characteristics, thus

complicating the comparison.

The results from the present study show that three isolates
representing three of the four major populations have the
capacity to accumulate excess P. This validates the method
used to isolate the poly-P bacteria i.e the methods used
recover populations of bacteria involved in excess P

accumulation.

Anoxic/Aerobic Removal of P

Table 25 shows percent P accumulation during

anoxic/aerobic cycling based on calculated VSS. Micro-
scopic observation of the cultures at the end of the
experiment showed poly-P accumulations. It is possible
that in cultures that are capable of converting NO3- to NO2-
but not to N2, the anoxic conditions may initially induce

growth but with the accumulation of NO2- in the
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medium, stress is produced which could trigger
accumulation of substrate as PHB and PHV. Therefore, P
accumulations can probably be observed in pure cultures
or mixed cultures, capable of converting nitrate to
nitrite but not to nitrogen. Further research in this
area might help in exploiting P removals by these

organisms.

Denitrifiers in the BNR Plant.

The denitrifier populations were screened to look for any
overlap between the poly-P and dentrifier populations.
As was expected, the majority of the denitifiers belonged

to Pseudomonas sp. However, there was an overlap in the

populations of poly-P bacteria and nitrite producers.
Therefore, it appears that populations of poly-P bacteria
are also mainly nitrite accumulators. Species of

Pseudomonas, Acinetobacter, Aeromonas and coliforms were

recovered from both the denitrification medium and the
fatty acid media indicating the overlap of their role. A

similar suggestion was made by Lotter and Murphy, (1985).

The high recovery of Acinetobacter sp. on the

denitrification medium indicates that they may play a
more important role in the anoxic/oxic zones rather than

in the anaerobic/oxic zones. The anoxic release of P has
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been noticed by Gerber et al., (1988) and uptake by

Mostert et al., (1988).

Discussion of Hypothesis 2

The three values used in MPN calculations for acetate and
propionate as in Table 27 were statistically analyzed to
see if significant differences existed between the two.
This was done because MPN in propionate was consistently
lower than MPN’s obtained using other substrates.

Acetate was chosen for comparison because the MPN in that
medium did not vary with each replicate as much as the
MPN’s obtained using other substrates.

ANOVA could not be performed as the data did not conform
to the assumptions on which the analysis is based.
However, the technique can possibly be used with 20-30

replicates.

The data were analyzed using the Mann-Whitney Test and
the Kruskal-Wallis Test. Both of the tests analyses
show a significant difference between the MPN obtained
using acetate and propionate in samples from a BNR system
at the 0.05 level. Similar analyses using MPN data from
the Blacksburg conventional treatment plant did not yield
a significant difference. There is a great potential for
the use of these results in modeling a BNR system and in
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process control. A quick analysis of the bacterial
population using the MPN method with acetate and
propionate media can show whether there is a fluctuation

in the poly-P populations.
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CONCLUSIONS

Bacteria beolonging to four major groups:

Aeromonas/Vibrio, coliforms, Pseudomonas spp. and

Acinetobacter sp., were recovered and identified from

the BNR system studied.

The Acinetobacter sp. comprised only about 5 percent

of the total identified cultures. A higher

percentage of Aeromonas/Vibrio, Coliforms and

Pseudomonas spp. were recovered.

Initial transfer of the sample to liquid media
followed by plating on solid media recovered more

types of bacteria than direct plating.

Phosphorus removal in the system studied was through
the concerted efforts of several different bacterial
populations. Any one population may dominate
(numerically) based on the amounts and kind of VFA
produced in the system, but at any given time more
than one population is involved in phosphorus

removal.
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Bacteria belonging to Aeromonas sp. (hydrophila),

Pseudomonas sp. and Acinetobacter sp.

(calcoaceticus), in batch experiments, accumulated
phosphorus in excess of what has been considered to
be normal accumulations (2-3 percent by weight).
Microscopic observation of the cultures at the end of
batch experiments also showed the presence of poly-P

granules.

Species of Pseudomonas, Aeromonas, Coliforms and

Acinetobacter were recovered both on VFA media and
denitrification medium, indicating their involvement

in both denitrification and P-removal in BNR systems.

MPN of bacteria in VFA media is a quick and easy way
to assess the population of poly-P bacteria in a BNR
plant. More than 90 percent of the bacteria growing

in these media can be expected to be poly-P bacteria.

Comparison of MPN’s obtained in acetate and
propionate media using samples from the Blacksburg
STP (conventional activated sludge), did not show a
significant difference when analyzed using the
Kruskal- Wallis and Mann-Whitney tests. Samples from
the BNR plant, however, showed significant

differences.
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PROPOSALS

1. The addition of more than one substrate to a BNR
system (small plants or when and if practiced) that shows
signs of failure, may help the system to recover faster
than the addition of a single substrate because the
additional substrates induce P removal in a wider variety

of poly-P bacteria.

2. Research into detention times in the anaerobic zone
and the amount of different VFA’s produced can help in
the choice of a particular length of time that allows for
the production of different VFA’s which in turn induce P

removal in a wide variety of bacteria.

3. The highly efficient genera identified in this study
have the potential for use as immobilized cultures in P
removal of industrial wastes and for bioaugmentation in

BNR systems treating domestic waste.
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