
Abstract This study compared the tolerance limits of
selected bacterial (Bacillus licheniformis, Brevibacil-
lus lactosporus and Pseudomonas putida) and proto-
zoan (Aspidisca, Trachelophyllum and Peranema)
species to V5+ in wastewater systems. The isolates
were exposed to various concentrations of V5+ (from
10 to 240 ppm), and their tolerance limits to this heavy
metal were assessed at different temperatures (25, 30,
35 and 40°C) and pHs (4, 6, 7, 8 and 10) for 5 days.
Chemical oxygen demand (COD), dissolved oxygen
(DO) and die-off rate of the isolates were measured
using standard methods. The results indicated that test
isolates were tolerant to V5+, with a gradual decrease
in their colony/cell counts whenV5+ concentration grad-
ually increased. Bacterial species were found to be more
significantly tolerant (MIC: 110–230 ppm V5+) to V5+

than protozoan species which showed an earlier total
inhibition/die-off rate (100%) at 60–100 ppm V5+

(MIC) (p<0.001). P. putida was the most tolerant bac-
terial species (MIC: 230 ppm V5+) and Aspidisca sp. the
most sensitive protozoan species (MIC: 60 ppm V5+).
An increase in COD and DO removal was observed
throughout the experimental period. The highest COD
increase (up to 237.11%) and DO removal (almost
100%) were observed in mixed liquor inoculated with

P. putida after exposure to 10 ppm V5+. Changes in pH
and temperature affected the tolerance limits of all iso-
lates. This study suggests the use of these tolerant bac-
terial and protozoan species in the bioremediation
of V5+ from domestic and industrial wastewater under
the control of pH and temperature.
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1 Introduction

Water is regarded as the most important and indispens-
able of all the natural resources. It plays a central and
critical role in all aspects of life—in the national
environment, in economies, in food security, in pro-
duction and in politics. Human, industrial and agricul-
tural wastes have been identified as the major sources
of water pollution. Uncontrolled wastes and poorly
managed wastewater have led to the release of heavy
metals into water sources. The presence of heavy
metals in the environment at concentrations above
critical values stipulated by national and international
regulatory bodies is considered as unacceptable. Due
to their toxicity to living organisms, heavy metals have
become a global issue, although some of them are
essential for the growth of microorganisms, while
others do not demonstrate any biological proprieties
(Roane and Peper 2000).
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Vanadium is regarded as an essential element and is
used as an electron accepter by certain microorgan-
isms such as the Pseudomonas species (Antipov et al.
2000; Rehder 2008). It is also a growth factor and can
be involved in nitrogen fixation and accumulation by
some bacteria (Mukherjee et al. 2004). Vanadium is
considered to be a dietary supplement and therapeutic
agent and can be used in the treatment of cancer and
osteoporosis (Evangelou 2002). Despite these benefi-
cial attributes, vanadium is toxic when present in high
concentrations (Silva et al. 2009). Its toxicity is related
to its oxidation state, as it is commonly present in
various oxidation states (−1 to +5) (ATSDR 2009).
Mannazzu (2001) reported that vanadium (V) is usu-
ally toxic and stable in aqueous environments.
According to Klaassen (2008), an occupational expo-
sure to airborne vanadium can lead to bronchitis and
bronchopneumonia and increases the risk of lung
cancer.

A number of investigators have provided evidence
that vanadium is toxic to living organisms (Owusu-
Yaw et al. 1990; Migliore et al. 1993; Kadiiska et al.
1997). High concentrations of heavy metals such as
vanadium have noxious effects on microorganisms
by inhibiting their growth in wastewater systems,
which is observed in the reduction of both cell
densities and species richness (Cheremisinoff 1995),
and they therefore affect the effectiveness of biological
processes in wastewater treatment plants (Madoni
2000). In his study, Chandy (1999) classified several
heavy metals in terms of their toxicity and reported that
vanadium toxicity was similar to that of nickel when
tested on chromogenic and non-chromogenic marine
bacteria.

Of the microorganisms present in wastewater sys-
tems, bacteria, fungi and protozoa are generally the
first category to be exposed to heavy-metal toxicities
and serve as very constructive models for investigat-
ing the dangerous effects of metals at the cellular level
(Avery 2001). These microorganisms, especially bac-
teria, have demonstrated their ability to resist heavy
metals by developing several resistance mechanisms
(i.e. efflux, complexation, etc.) (Madoni et al. 1996;
Shirdam et al. 2006). Through the acquisition of these
specific resistance mechanisms, they can play a sig-
nificant role in the bioremediation of heavy metals in
highly polluted wastewater (Madoni et al. 1996; Gosh
et al. 1997; Shirdam et al. 2006; Rajbanshi 2008;
Ezzouhri et al. 2009).

Although protozoan species are part of the dynamic
population of wastewater systems, their ability in
terms of tolerance against and removal of heavy met-
als has not been fully documented. Therefore, the
purpose of this study was to compare the tolerance
limits of bacterial species to vanadium in wastewater
systems to that of protozoan species in order to deter-
mine which of these two groups might play a major
role in the removal of vanadium at high concentra-
tions. The effectiveness of the selected microorgan-
isms in the detoxification process of the contaminants
was tested in laboratory-scale reactors that operated in
batches.

2 Materials and Methods

2.1 Test Organisms

Six different isolates were used in this study. Three
bacterial species (Bacillus licheniformis-ATCC12759,
Brevibacillus laterosporus-ATCC64 and Pseudomo-
nas putida-ATCC31483) were purchased from Quan-
tum Biotechnologies (Strydompark, Randburg, South
Africa). These bacterial species have been reported for
metal tolerance or removal (Clausen 2000; Shirdam et
al. 2006) and antibiotic resistance (Choopan et al.
2008). The three protozoan species (Aspidisca sp.,
Trachelophyllum sp. and Peranema sp.) used in this
study were obtained from our laboratory stock cul-
tures. These protozoan species were previously isolat-
ed from wastewater mixed liquors collected from the
aeration tanks of the Daspoort Wastewater Treatment
Plant (Pretoria, South Africa). They have demonstrat-
ed the ability to successfully remove nitrate and phos-
phorus in modified mixed liquor (Akpor et al. 2008).
The preparation of these protozoan species was done
as specified by these authors.

2.2 Sample Collection and Preparation of the Culture
Medium

Wastewater samples were collected on a monthly basis
between August and October 2010 from the effluent
(before disinfection) of the Daspoort Wastewater
Treatment Plant in Pretoria. To remove biomass and
other suspended solids, samples were allowed to settle for
2 h prior to filtration (usingWhatmanNo. 1 filter papers).
The profile of the filtered samples was determined in
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terms of COD, DO, pH and vanadium. The COD con-
centration was measured using closed reflux methods as
described in standard methods (APHA 2001), while the
vanadium concentration was determined using the Induc-
tively Coupled Plasma Optical Emission Spectrometer
(ICP-OES). Other parameters, such as pH and DO, were
analysed using a pH probe (Model: PHC101, HACH)
and DO probe (Model: LDO, HACH). D-Glucose anhy-
drate (2.5 g/L), MgSO4·7H2O (0.5 g/L) and KNO3

(0.18 g/L) were added to the filtrate to serve as a carbon
source and nutrient supplement in the mixed liquor
(Momba and Cloete 1996; Akpor et al. 2008). The ex-
perimental study was performed in triplicate for each
sample.

The test metal used in the experimental study was
analytical grade and was purchased from Sigma
Aldrich (Cape Town, South Africa). Sodium meta-
vanadate anhydrous (NaVO3) was used as a source
of vanadium ions. The stock solution of vanadium at a
concentration of 1000 ppm was prepared in deionised
water. Various concentrations of vanadium (from 10 to
250 ppm increased at a scale of 10 ppm) were pre-
pared from the stock solutions of V5+.

Each of the vanadium concentrations was added
to a 250-mL flask containing wastewater mixed
liquor medium to obtain a final volume of 150 mL,
and the pH was adjusted at 7.2±0.3 using 1.0 M HCl
and 1.0 M NaOH (Merck, SA). ICP-OES was used to
confirm the metal concentrations in the wastewater
mixed liquor medium. The culture medium was
autoclaved and cooled down to room temperature
before use. To check the sterility of this medium,
1 mL aliquot was plated onto the sterile bacterio-
logical agar and incubated at 37°C for 24 h. Only
flasks containing the sterile media were inoculated
with a known population of the respective test
organisms.

2.3 Vanadium Tolerance Experimental Study

2.3.1 Tolerance Limits of Test Organisms

The tolerance limit experiments were conducted in
250-mL Erlenmeyer flasks containing 150 mL of the
modified mixed liquor. Separate flasks were aseptically
inoculated with fresh culture of bacterial isolates
(100 cfu/mL) or protozoan cells (100 cells/mL). One
positive control and one negative control were also
included in the experimental study. The positive control

flask contained the mixed liquor without vanadium
but inoculated with the specific microorganism,
while the negative control contained only the
mixed liquor with 250 ppm V5+. All the inoculated
flasks as well as the controls were initially incubated at
30°C±2°C, and aliquots were taken every day for
5 days. The median-lethal concentration (LC50) of the
test metal for each of the test microbial isolates was
determined as described by previous investigators
(Madoni et al. 1996; Malik and Jaiswal 2000; Lyer et
al. 2004). The minimum inhibitory concentration
(MIC) of the test metal (the smallest concentration
necessary to inhibit growth) was determined in accor-
dance with Shirdam and co-workers (2006). After incu-
bation, the microbial isolates were classified as sensitive
or tolerant to V5+ according to the inhibition of growth
cells.

2.3.2 Effect of Temperature and pH on the Tolerance
Limits of Test Organisms

To check the effect of temperature and pH on the
tolerance limits of bacterial and protozoan species to
vanadium, these isolates were separately inoculated in
mixed liquor containing the smallest concentration of
V5+ necessary to inhibit their growth (MIC). The
experimental study was conducted at various temper-
atures (25, 35 and 40°C) with a constant pH of 7 and
thereafter at various pHs (pH 4, 6, 8 and 10) with a
constant temperature of 30°C in a shaking incubator at
a speed of 100 rpm. During each sampling regime,
aliquot samples were taken every 24 h for 5 days for
microbial estimation.

The specific growth and mortality (die-off) rates
were checked every 24 h for 5 days of incubation.
The growth/mortality of bacterial species was deter-
mined using the spread plate method after dilution
(APHA 2001). Briefly, 100 μL of aliquot from each
sample was transferred to Mannitol Egg Yolk Poly-
myxin (MYP) agar, nutrient agar (NA) and Pseudo-
monas Isolation Agar (PIA) for Bacillus licheniformis,
Brevibacillus laterosporus and P. putida, respectively.
The plates were incubated at 50°C for Bacillus
(Emptage et al. 2009) and at 30°C for the two
other bacterial isolates (Fonseca et al. 2011). The
growth/mortality of protozoan species was determined
by visual count using an inverted microscope (Axiovert
S100, Carl Zeiss) under×100–×400 magnifications.
The first-order die-off rate (mortality rate) of microbial
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species was calculated using the formula as reported by
Peng et al. (2008):

Yt ¼ Y0e
�Kt ð1Þ

where

K The die-off rate coefficient
(dimensionless)

Y0 and Yt Number of microorganisms at time 0
and t, repectively. The die-off rate
coefficient was converted in percentage
by using the total inhibition/die-off of
the colony/cell counts as the 100%
die-off rate.

2.3.3 Determination of the COD and DO in Mixed
Liquor Inoculated with Test Organisms

The COD and DO were determined as stated earlier in
order to identify their effects on the tolerance limits of
the isolates to V5+ in mixed liquor. The COD concen-
tration of the samples was calculated according to the
formula previously used byKamika andMomba (2011).

2.4 Statistical Analysis

The data were statistically analysed using the Stata
computer software. Two-sample t-test was used to com-
pare the two groups (bacteria and protozoa). One-way
analysis of variances was used to compare isolates with-
in the group. Except for the tolerance limit (MIC), the
Wicoxon–Mann–Whitney test was used to compare the
two groups of organisms, and the Kruskal–Wallis test
was used to compare microbial isolates. The tests for
relationships were carried out using the Pearson corre-
lation index, and the interpretation was performed at
two-sided 95% confidence limit.

3 Results

3.1 Profile of the Daspoort Activated Sludge Mixed
Liquor

Table 1 shows the profile of wastewater samples before
inoculation of the test organisms. The DO concentra-
tions in wastewater samples ranged between 5.37 and
6.73 mg/L while the COD and vanadium concentrations
were found to be lower than 1 mg/L. Compared to other
months, the sample collected during September 2010
was found to have the lowest average concentrations for
these three parameters. The average pH of the wastewa-
ter mixed liquor ranged between 6.56 and 6.9.

3.2 Tolerance Limit of Test Organisms to V5+

in the Modified Wastewater Mixed Liquor

3.2.1 Microbial Responses in theModifiedMixed Liquor

Figure 1a, b summarises the growth responses or the
die-off of bacterial and protozoan species to various
concentrations of V5+ in wastewater mixed liquor. In
general, there was a gradual decrease in the number of
the test organisms after exposure to gradual increases
of V5+ concentrations. This resulted in a decrease in
the counts of organisms or in a total inhibition/die-off
of the microbial population. In contrast, at moderate
and less toxic V5+ concentrations, bacterial colony/
protozoan cells counts increase over time.

When exposed to V5+ concentrations up to 50 ppm,
P. putida showed a positive growth response (from 2
log10 CFU/mL to 7 log10 CFU/mL) which lasted dur-
ing 5 days of the experimental study. However, a
decline on its population occurred when exposed to
V5+ concentrations greater than 50 ppm (Fig. 1a). For
example, an exposure of this organism to 120 or

Table 1 Profile of domestic wastewater mixed liquor prior to the experimental study

Samplesa DO (mg/L) COD (mg/L) V5+ (ppm) pH
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Sample 1 (3/08/2010) 6.732±0.247 0.037±0.004 0.053±0.001 6.561±0.101

Sample 2 (6/09/2010) 5.370±0.432 0.028±0.001 0.000±0.000 6.901±0.197

Sample 3 (5/10/2010) 6.087±0.761 0.043±0.003 0.027±0.001 6.609±0.431

SA standard – 75 0.1b 5.5–9.5

a Each sample was analysed in triplicate
b UN-FAO recommended limit (FAO 1985)

2528 Water Air Soil Pollut (2012) 223:2525–2539



230 ppm V5+ resulted in die-off rates of 18% and
100%, respectively, from the onset of the experimental
study. Similar observations were also noted with Ba-
cillus licheniformis (7 log10 CFU/mL) which showed a
growth response up to day 5 when exposed to V5+

concentrations up to 50 ppm, but when exposed to V5+

concentrations ranging between 60 and 100 ppm, there
was a decline on microbial population (i.e. 1 log10
CFU/mL at 100 ppm on day 5). This was followed
by a further inhibition of bacterial number and a total
inhibition/die-off at 140 ppm V5+ (die-off rate: 100%)
starting from the first day of exposure. Brevibacillus

Fig. 1 a Bacterial concen-
trations in modified waste-
water mixed liquor
containing various concen-
tration of V5+. b Protozoan
concentrations in modified
wastewater mixed liquor
containing various concen-
tration of V5+
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laterosporus (8 log10 CFU/mL) was able to grow for
5 days when exposed to V5+ at concentrations up to
40 ppm V5+ but showed a decline on microbial pop-
ulation and a total die-off at 110 ppm V5+ (die-off rate:
100% of bacterial population).

Compared to bacterial species, protozoan isolates
(Fig. 1b) showed very slow positive growth responses
when exposed to V5+ concentrations although an in-
crease in cell densities occurred over time. While there
was no positive growth response for Aspidisca sp (2

Fig. 1 (continued)
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log10 cells/mL) during the first day of exposure to
vanadium, slight increases in cell densities were ob-
served for Peranema sp. (3 log10 cells/mL) and for
Trachelophyllum sp. (3 log10 cells/mL) when exposed
to V5+ concentrations up to 50 and 40 ppm, respec-
tively. A gradual increase in Peranema sp. cell densi-
ties up to 4 log10 cells/mL was reached at the end of its
5-day exposure to 40 ppm V5+. However, its exposure
to high vanadium concentrations such as 100 ppm V5+

resulted in a decrease in cell densities and total inhi-
bition/die-off (die-off rate: 100%). For Trachelophyl-
lum sp. and Aspidisca sp. an increase in their cell
densities was noted when these organisms were ex-
posed to V5+ concentrations up to 50 ppm (4 log10
cells/mL) and 30 ppm V5+ (4 log10 cells/mL), respec-
tively. However, a decline in their cell densities and total
die-off occurred from the first day (die-off rate: 100%)
of exposure at 80 and 60 ppm V5+, respectively.

3.2.2 Determination of 24-h LC50 and MIC
of Vanadium to the Microbial Isolates

Results on tolerance to V5+ are summarised in Table 2
and revealed that all isolates were able to grow in the
presence of V5+ with bacterial species being the most
tolerant organisms. Among bacterial isolates, P. putida
had the highest tolerance limit to V5+ (MIC: 230 ppm)
with a 24-h LC50 that ranged from 200 to 210 ppm of
V5+. Bacillus licheniformis (MIC: 140 ppm) and Bre-
vibacillus laterosporus (MIC: 110 ppm) had a 24-
h LC50 at values ranging from 110 to 120 ppm and
90 to 100 ppm V5+, respectively. Of the protozoan
isolates, Peranema sp. was found to be the most
tolerant isolate (MIC: 100 ppm) with 24-h LC50 values
ranging between 70 and 80 ppm. When compared to
all the microbial isolates, P. putida appeared to be the

most tolerant isolate to V5+ and Aspidisca sp. the most
sensitive organism, with a MIC value of 60 ppm V5+

and a 24-h LC50 value of 50 ppm V5+. The order of
tolerance of isolates to V5+, in terms of MIC, was as
follows: P. putida>Bacillus licheniformis>Brevibacil-
lus laterosporus>Peranema sp.>Trachelophyllum sp.>
Aspidisca sp. There were significant differences be-
tween the MIC values of all the six isolates (p<0.005)
and also betweenMICmean values of microbial isolates
when grouped as bacterial species and protozoan spe-
cies (p<0.001).

3.2.3 Effect of pH and Temperature on the Tolerance
Limit of Microbial Isolates to Vanadium Concentrations

Table 3 illustrates the effects of pH on the tolerance
limit of the isolates when inoculated in mixed liquor
containing the smallest concentration of V5+ necessary
to inhibit their growth (MIC) at 30°C (MIC:
230 ppm V5+ for P. putida, 140 ppm V5+ for Bacillus
licheniformis, 110 ppm V5+ for Brevibacillus latero-
sporus, 100 ppm V5+ for Peranema sp., 80 ppm V5+

for Trachelophyllum sp. and 60 ppm V5+ for Aspidisca
sp.). In spite of a decrease in bacterial counts and
protozoan cell densities that occurred over time,
all test organisms were able to survive at pH
8 but not at pH 4. This gave an indication of
pH effects on the toxicity of vanadium. Of the
bacterial species, at pH 8, P. putida could persist
up to day 2 with a percentage die-off rate of 57%
and 72% for day 1 and 2, respectively. Moreover,
Bacillus licheniformis and Brecibacillus laterosporus
were able to persist up to day 3 with a percentage
die-off rate ranging from 56% to 78% and from 34
to 86%, respectively.

Among protozoan species, Peranema sp. and Aspi-
disca sp. showed slow die-off rates (55% and 79%,
respectively) on the first day and could survive up to
day 2 (65% and 87%, respectively), while Trachelo-
phyllum sp. had a fast die-off rate of 69% on the first
day and could only resist on day 1 at pH 8. However,
Bacillus licheniformis (die-off rate: 75% at day 2) and
Trachelophyllum sp. (die-off rate: 73% at day 1) were
the only isolates able to survive at pH 10 and 6,
respectively, in the presence of V5+ at the concentra-
tions able to inhibit their growth.

Table 4 summarises the effects of temperature on
the tolerance limits of test organisms in the modified
mixed liquor containing the smallest concentrations of

Table 2 Twenty-four-hour LC50 and MIC of V5+ to the isolates
in mixed liquor after 24 hours at 30°C

Microorganisms 24-h LC50

(ppm)
MIC
(ppm)

Bacteria
isolates

Pseudomonas putida 160–200 230

Bacillus licheniformis 100–120 140

Brevibacillus laterosporus 70–90 110

Protozoan
isolates

Peranema sp. 60–80 100

Aspidisca sp. 40–50 60

Trachelophyllum sp. 60–70 80
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V5+ necessary to inhibit their growth (MIC) at 30°C
and pH 7 (MIC: 230 ppm V5+ for P. putida, 140 ppm V5+

for Bacillus licheniformis, 110 ppm V5+ for Brevibacil-
lus laterosporus, 100 ppm V5+ for Peranema sp.,
80 ppm V5+ for Trachelophyllum sp. and 60 ppm V5+

for Aspidisca sp.). While the controls were incubated at
30°C, inoculated mixed liquor samples were exposed at
various temperatures (25, 35 and 40°C). In spite of a
decrease in bacterial counts and protozoan cell densities
that occurred over time, all the isolates, with exception
of Bacillus licheniformis, persisted at 25°C. P. putida,
Peranema sp. and Trachelophyllum sp. could survive up
to day 3 with die-off rates of 75%, 88% and 87%,
respectively, while Brevibacillus laterosporus (die-
off rate: 80%) and Aspidisca sp. (die-off rates:
85%) could only survive up to day 2. However,
the presence of Brevibacillus laterosporus (die-off
rates: 76%), Bacillus licheniformis (die-off rate:
80%), and Peranema sp. (die-off rate: 81%) was
apparent at 35°C up to day 3, 2 and 1, respectively.
With the exception of Bacillus licheniformis, none of the
isolates could be grown at 40°C.

3.3 Profile of DO and COD in Mixed Liquor
during the Study Period

Figure 2 shows the DO removal by the test organisms
in mixed liquors containing various concentrations of
vanadium during an incubation period of 5 days at 30°
C and pH 7. In spite of fluctuations that occurred
during the DO removal by test organisms, an increase
in V5+ concentration resulted in a gradual decrease in
DO levels. In general, all test organisms were able to
take up all the DO present in the modified mixed
liquor, with Trachelophylum sp. and Aspidisca sp.
showing an early decrease of the total uptake when
exposed to 90 ppm V5+. Compared to other organisms,
an earlier decrease of the total uptake of DO by P.
putida occurred when exposed to 200 ppm V5+. In
addition, a negative percentage removal of DO was
observed in the inoculated mixed liquor, starting from
90 ppm V5+ for Aspidisca sp. Significant differences
were found between the mean DO values of the three
bacterial species (p<0.001) and also between the mean
DO values of the three protozoan species (p00.0025).

Table 3 pH effects vs V5+ toxicity to the tolerance limit of test organisms in modified mixed liquor incubated at 30°C (C1: Mixed
liquor with vanadium only at specific MIC, C2: Mixed liquor with vanadium at specific MIC and inoculated with a specific isolate)

Bacterial isolates Protozoan isolates

Pseudomonas putida Peranema sp.

Time (day) pH 4 pH 6 pH 8 pH 10 pH 4 pH 6 pH 8 pH 10

1 100 100 57 100 100 100 55 100

2 100 100 72 100 100 100 65 100

3 100 100 100 100 100 100 100 100

4 100 100 100 100 100 100 100 100

5 100 100 100 100 100 100 100 100

Bacillus licheniformis Aspidisca sp.

1 100 100 56 38 100 100 79 100

2 100 100 55 75 100 100 87 100

3 100 100 78 100 100 100 100 100

4 100 100 100 100 100 100 100 100

5 100 100 100 100 100 100 100 100

Brevibacillus laterosporus Trachelophyllum sp.

1 100 100 34 100 100 73 69 100

2 100 100 50 100 100 100 100 100

3 100 100 86 100 100 100 100 100

4 100 100 100 100 100 100 100 100

5 100 100 100 100 100 100 100 100

2532 Water Air Soil Pollut (2012) 223:2525–2539



Further statistical analysis showed strong significant
differences between bacteria and protozoa (p<0.001)
as groups of organisms.

As can be seen from Table 5, an increase in COD in
the inoculated mixed liquors was observed throughout
the study period. For bacterial species, more than 100%
of COD increase was noted in mixed liquor containing
V5+, and the highest COD concentration was recorded
in the mixed liquor containing 10 ppm V5+ and inocu-
lated with P. putida (237.11%). No COD increase of

more than 100% was observed in mixed liquor inocu-
lated with protozoan species. The highest COD increase
in thismediumwas found in the mixed liquor containing
20 ppm V5+ and inoculated with Trachelophyllum sp.
(99.58%). A gradual decrease in COD occurred when
the V5+ concentrations gradually increased, and this
decrease in COD was observed for both groups of test
organisms. There were strong significant differences
between the mean COD values of the three bacterial
species (p<0.001) while no significant differences were

Table 4 Temperature effects vs V5+ toxicity to the tolerance limit of test organisms in modified mixed liquor incubated at pH 7

Bacteria Protozoa

Pseudomonas putida Peranema sp.

Time (day) 25°C 35°C 40°C C1 25°C 35°C 40°C C1

1 55 100 100 100 55 81 100 100

2 64 100 100 100 58 100 100 100

3 75 100 100 100 88 100 100 100

4 100 100 100 100 100 100 100 100

5 100 100 100 100 100 100 100 100

Bacillus licheniformis Trachelophyllum sp.

1 100 65 56 100 54 100 100 100

2 100 80 71 100 62 100 100 100

3 100 100 63 100 88 100 100 100

4 100 100 100 100 100 100 100 100

5 100 100 100 100 100 100 100 100

Brevibacillus laterosporus Aspisdisca sp.

1 71 55 100 100 56 100 100 100

2 80 57 100 100 85 100 100 100

3 100 76 100 100 100 100 100 100

4 100 100 100 100 100 100 100 100

5 100 100 100 100 100 100 100 100

Fig. 2 DO removal by the
isolates in the presence of
various concentrations of
V5+ in mixed liquor at
30°C, pH 7
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found between protozoan species (p<0.05). The com-
parison of isolates in terms of group of species showed a
strong statistical significance between bacteria and pro-
tozoa (p<0.001).

To establish the relationship between the growths/
die-off of isolates and the physicochemical parameters
(COD and DO), the Pearson correlation index was
carried out. Statistical evidence revealed positive cor-
relations between microbial number and COD removal
(r00.8488 for bacterial species and r00.8437 for pro-
tozoan species), and also between microbial number and
DO removal (r00.7629 for bacterial and r00.6700 for
protozoan species).

4 Discussion

Extensive industrialisation and the rapid growth of the
human population have resulted in the pollution of water
resources. Increasing concern has been expressed about
the discharge of heavy metals into the environment.
Bacteria and protozoa are members of the dynamic
population that plays an important role in the treatment
of wastewater. Consequently, their presence in waste-
water systems is desperately needed for the effective-
ness of biological processes and the control and
management of water resource pollution. Although cer-
tain heavy metals such as vanadium are regarded as

Table 5 Average percentage of the increase of COD in modified mixed liquor inoculated with test organisms throughout the
experimental period

Bacterial species Protozoan species

V5+ (ppm) Pseudomonas
putida

Bacillus
licheniformis

Brevibacillus
laterosporus

Peranema sp. Trachelophyllum sp. Aspidisca sp.

COD (%) COD (%) COD (%) COD (%) COD (%) COD (%)

P.control 251.54 263.09 175.88 154.11 110.14 132.04

10 237.11 186.95 153.16 80.24 78.78 70.07

20 161.72 152.23 128.78 60.16 99.58 77.53

30 188.79 87.02 128.43 69.02 58.94 62.65

40 177.75 141.29 105.12 40.85 73.04 64.84

50 181.92 108.25 98.75 53.99 65.24 28.17

60 201.69 105.59 144.36 40.69 12.08 6.07

70 196.32 70.77 63.46 35.04 −1.33 9.77

80 230.27 92.85 51.42 2.28 0.27 4.74

90 187.62 78.72 29.86 7.91 −1.58 5.15

100 88.66 103.83 8.64 −0.40 1.41 0.19

110 59.93 20.51 −0.90 0.80 2.60 −0.95
120 76.27 17.90 6.24 −1.33 −2.49 −0.05
130 42.04 13.82 −2.30 3.13 −0.11 0.30

140 59.66 −11.74 3.60 −3.08 0.81 −0.67
150 29.86 −17.75 7.64 2.26 −3.19 −0.59
160 22.58 2.82 −2.38 −8.61 −9.60 −5.96
170 2.66 6.81 3.68 −7.39 −9.75 −3.41
180 0.86 1.56 −6.85 2.32 −8.10 4.70

190 0.61 1.58 −1.34 −6.44 −2.59 1.01

200 13.98 2.12 −2.59 11.66 3.11 0.59

210 22.28 −4.05 −0.39 −2.86 −3.80 −0.60
220 −6.51 6.60 −1.97 0.93 5.69 0.68

230 −9.49 −3.42 −2.74 −0.08 −2.60 −0.76
240 2.39 −2.96 5.35 1.98 −2.45 3.18

N.control −4.48 −0.79 1.20 0.33 0.08 1.51
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essential elements and are used as electron donors by
certain microorganisms (Antipov et al. 2000; Rehder
2008) at high concentrations, they can interfere with
the operation of biological sewage treatment processes
(Madoni 2011).

At high concentrations, certain metals have shown
to be toxic to both aerobic and anaerobic sewage
organisms and have caused deflocculation of biologi-
cal sludge and reduced treatment efficiencies (Neufeld
1976; Mytelka et al. 1973). The release of these metals
without proper treatment poses a significant threat to
not only the environment but also to public health
because of their persistence, biomagnifications and
accumulation in the food chain (Alluri et al. 2007).
Due to the negative impact of heavy metals on public
health and the environment, many countries and inter-
national agencies have established regulations for the
use and discharge of wastewater in the receiving water
bodies (ATSDR 2009).

During the study period, wastewater effluent col-
lected from the Daspoort Wastewater Treatment Plant
was screened for COD, DO and pH and the presence
of vanadium. The results (Table 1) revealed that COD
and pH values were within the South African permis-
sible limits of 75 mg/L and 5.5 to 9.55, respectively
(National Water Act. 1998). The vanadium concentra-
tion in the effluent was within the permissible limit of
0.1 mg/L as recommended by the United Nations
Food and Agriculture Organisation Standard (FAO
1985). In terms of these variables, the Daspoort Waste-
water Treatment Plant complied with the regulations,
and the discharge of the effluent into the receiving water
body could not impact negatively on the environment.

According to Burton et al. (1987), the survival of
microorganisms in wastewater is affected by several
interacting factors including antibiotics, organic mat-
ters, dissolved nutrients, algal toxicants, heavy metals,
temperature and the physicochemical nature of the
aquatic environment. In his study, Nilsson (1981)
reported that heavy metals can affect the survival of
microbial isolates in many ways, such as reduction of
food uptake, inhibition of growth and reduction in the
rate of endocytosis. In the present study, the growth
inhibition was used as an indication of V5+ toxicity in
the modified mixed liquor and the MIC values used as
the tolerance level of isolates against V5+. The results
revealed a decrease in the number of the test organ-
isms after exposure to gradual increases of V5+ con-
centrations which resulted in an inhibition and total

die-off of the microbial population. Moreover, the
factor time played a major role, in certain concentra-
tion of V5+. Microbial population increases with a
gradual increase in exposure time (Fig. 1a, b). Com-
pared to bacterial isolates, protozoan isolates had a
long lag phase to acclimatise to the new environmental
conditions and slow growth. This was followed by
significant decrease in their cell densities starting from
50 ppm V5+ (Fig. 1b). In general, all the bacterial
species were more tolerant to vanadium compared to
the tolerance of protozoan species (Table 2). Statistical
evidence also confirmed significant differences be-
tween the MIC values of bacterial and protozoan spe-
cies (p<0.001). P. putida and Peranema sp. were
classified as the organisms with the highest tolerance
to V5+ when considered in terms of group of species
(bacteria and protozoa). Furthermore, P. putida was
revealed to be the most tolerant organism by far com-
pared to other organisms, and Aspidisca sp. the most
sensitive to V5+ in the modified wastewater mixed
liquor (p<0.05).

A large number of studies have also reported the
tolerance of bacterial species to heavy metals. Shirdam
et al. (2006) found that bacterial species such as P.
putida, Bacillus cereus and P. peudoalkaligenes were
able to tolerate cadmium, nickel and even vanadium,
and could accumulate approximately 40–50% Cd, 5–
6% Ni and 10–12% V, respectively. Chen et al. (2006)
showed that P. putida was able to tolerate copper and
zinc at MIC values of 3 and 5 mmol/L, respectively. A
study conducted by Canovas et al. (2003) revealed that
P. putida’s genome encodes an unexpected capacity to
tolerate heavy metals. In a study by Clausen (2000), it
was reported that Bacillus licheniformis was able to
tolerate copper, chromium and arsenic, with the ability
to remove 93% of copper and 48% of arsenic from the
media. Hernandez et al. (1998) reported that Escher-
ichia hermannii and E. cloacae were able to grow in a
very high concentration of vanadyl sulphate. Briand et
al. (1996) found that Thiobacillus thiooxidans was
able to grow in the presence of vanadium and reduced
vanadium (V) to vanadium (IV) in cultures. However,
a study conducted on the interaction between Strepto-
coccus pneumonia and vanadium salts revealed that S.
pneumonia was very sensitive to vanadium (Fukuda
and Yamase 1997).

While the tolerance of protozoan species to a num-
ber of heavy metals has been reported elsewhere
(Madoni et al. 1996; Abraham et al. 1997; Leborans
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et al. 1998; Rehman et al. 2005, 2010; Nicolau et al.
2005; Kamika and Momba, 2011), as far as we know,
no specific studies have pointed out the tolerance of
Peranema sp., Trachelophyllum sp. and Aspidisca sp.
to vanadium. A recent experimental study by Kamika
and Momba (2011) revealed that these protozoan iso-
lates could tolerate nickel at 52, 34 and 32 ppm, re-
spectively. A study by Schlenk and Moore (1994)
revealed that the ciliated protozoan Tetrahymena ther-
mophila was resistant to copper sulphate toxicity and
this resistance ability was attributed to an intracellular
mechanism. Madoni and co-workers (1996) investi-
gated the toxic effect of heavy metals on the activated
sludge protozoan community and found that ciliated
species such as Chilodonella uncinata and Trochilia
minuta showed the highest sensitivity to Cd, Cu, Pb,
Zn and Cu than Opercularia coarctata and O. minima.
Abraham et al. (1997) found that ciliated protozoan
species such as Aspidisca cicada, C. uncinata and Vor-
ticella convallaria were resistant to Fe (> 2000 ppb), Zn
(> 500 ppb), Cu (> 60 ppb) and Cr (> 100 ppb) in
activated sludge systems. The authors pointed out that
the ciliate species andmetal content correlated negatively.
Nicolau et al. (2005) reported that the sessileOpercularia
sp. was exceptionally tolerant to copper and was related
to the low quality of the activated sludge. Bitton (1999)
pointed out that A. costata food intake decreases when in
the presence of cadmium. This author observed that
protozoan species transform themselves into inactive,
nonmotile, environmentally resistant cysts or shells in
adverse environmental conditions. According to Reynolds
and Pepper (2000), in that state, protozoa are
incapable of immediate growth or reproduction,
but are able to survive in harsh ecological niches.
This situation could clearly explain the long lag phase
periods that occurred on the first day of Peranema sp.,
Trachelophyllum sp. and Aspidisca sp., which was fol-
lowed by a slow increase in cell densities over time
(Fig. 1b). Compared to bacterial isolates, the sen-
sitivity of protozoan isolates to vanadium on the first
day could also be due to the absence of a cell wall at the
trophic stage (Martin-Gonzalez et al. 2006).

The results of this study show that temperature (25,
35 and 40°C) and pH (pH 4, 6, 8 and 10) changes
could affect the tolerance limits of test organisms
to V5+ in mixed liquor. This confirmed findings by
Kamika andMomba (2011) who also reported the effect
of these two parameters on the ability of similar test
organisms to have certain resistance to nickel. In this

study, test organisms were able to persist at pH 8 but not
in acidic mixed liquors (pH 4, 6 and 10), except for
Bacillus licheniformis (10) and Trachelophyllum sp.
(pH 6). This was an indication of the toxic V5+ and pH
effects on these isolates. These results corroborated the
findings of Roane and Peper (2000), who reported that
at high pH, the solubility of some metals decreases,
while at low pH, those metals are found as free ionic
species in aqueous solutions and are capable to express
their toxicities. In their study, Van Nostrand and co-
authors (2005), when assessing the effect of pH and
the toxicity of nickel and other divalent metals, reported
growth inhibition of Burkholderia cepacia PR1 with
increasing pH. According to Bell et al. (2004), the pH
effects play a major role in the toxicity of vanadium salts
in the nutrient broth. Gikas (2008) reported that a num-
ber of environmental factors, such as pH, biomedium
and biomass concentration, can effect the microbial
toxicity of metals such as Ni2+. Moreover, in their study,
Stevik et al. (2004) recorded that the survival of bacte-
rial counts decreases with the increase of temperature.

An increase of COD in the modified mixed liquor
was noticed throughout the experimental study when
this medium was inoculated with test organisms.
These results confirmed the findings by Akpor et al.
(2008), who also reported an increase of COD in
mixed liquor incubated with Peranema sp., Aspidisca
sp. and Trachelophyllum sp. at 30°C while the authors
investigated the ability of these three protozoan spe-
cies to remove nitrate and phosphorus in wastewater
mixed liquor. However, both these studies agree with
the findings of Arican and Yetis (2003), who reported
a significant increase of the COD removal rate in
activated sludge stressed with an increased level of
heavy metals such as Ni2+.

In this study, a drastic DO uptake was observed in
mixed liquor inoculated with test organisms through-
out the experimental period. A similar decrease was
reported by Sedlak (1991). Since DO is a very impor-
tant factor and a limiting nutrient for the growth of
aerobic microorganisms, its uptake by microbial isolates
in mixed liquor containing vanadium explains an exces-
sive growth of microbial isolates (Herman and Maier
2000). Given the fact that the level of DO in water or
wastewater is strongly related to the temperature
(Herman andMaier 2000) and also due to the inactivity of
the test organisms at certain concentrations, the negative
percentage removal of DO observed in this study, espe-
cially with Bacillus licheniformis at 130 ppm V5+
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(−13.78%) and Aspidisca sp. at 140 ppm V5+ (−13.46%),
could be influenced by the ambient temperature, which
increased DO in the mixed liquor samples when com-
pared to the DO level in the appropriate media at day zero
of the study period.

Strong correlations were found between test organ-
isms’ growth response and COD (r00.8488 for bacte-
rial, r00.8437 for protozoan species), and between
growth response and DO removal (r00.7629 for bac-
terial and r00.6700 for protozoan species). These
results support Akpor et al. (2008), who also found a
positive correlation between COD concentrations and
growth rates of the same protozoan species (r00.806,
p<0.01) in wastewater mixed liquor, but disagree with
the results of Pala and Sponza (1995), who illustrated
a removal of COD in the activated sludge system
inoculated with Pseudomonas sp.

5 Conclusion

This study reveals that both bacterial and protozoan
species tolerate vanadium, with bacterial species being
the most tolerant isolates (p<0.001). P. putida-
ATCC31483 was by far the most tolerant isolate
(MIC: 230 ppm V5+) with Aspidisca sp. the most
sensitive (MIC: 60 ppm V5+) (p<0.05). Bacterial iso-
lates generally showed an increase in their counts from
the first day, which gradually increase over time,
depending on the V5+concentrations they were ex-
posed to. The growth responses of Peranema sp.,
Trachelophyllum sp. and Aspidisca sp. in the presence
of V5+ concentrations were characterised by a long lag
phase and slow growth over time and depending on
the V5+concentrations. However, at excessive V5+

concentrations, die-off was noted which resulted to a
total inhibition/die-off rate with an increase of V5+

concentrations for both bacterial and protozoan spe-
cies. This study also found that pH and temperature
alteration affects the tolerance limits of test isolates to
V5+. Furthermore, positive correlations were found
between the growth responses of all isolates and
COD increase and also DO removal in mixed liquor.
The findings of this study indicate that both the bac-
terial species and the protozoan species used in this
investigation have potential to tolerate V5+. Tolerant
protozoan species can also be used for the bioremedi-
ation of V5+ from domestic and industrial wastewater
under the control of pH and temperature.
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