
RESEARCH ARTICLE

Semi-specific Microbacterium phyllosphaerae-based microbial
sensor for biochemical oxygen demand measurements
in dairy wastewater

Elo Kibena & Merlin Raud & Eerik Jõgi & Timo Kikas

Received: 29 June 2012 /Accepted: 27 August 2012 /Published online: 8 September 2012
# Springer-Verlag 2012

Abstract Although the long incubation time of biochemical
oxygen demand (BOD7) measurements has been addressed by
the use of microbial biosensors, the resulting sensor-BOD
values gained from the measurements with specific industrial
wastewaters still underestimates the BOD value of such sam-
ples. This research aims to provide fast and more accurate
BOD measurements in the dairy wastewater samples. Unlike
municipal wastewater, wastewater from the dairy industry
contains many substrates that are not easily accessible to a
majority of microorganisms. Therefore, a bacterial culture,
Microbacterium phyllosphaerae, isolated from dairy waste-
water was used to construct a semi-specific microbial biosen-
sor. A universal microbial biosensor based on Pseudomonas
fluorescens, which has a wide substrate spectrum but is non-
specific to dairy wastewater, was used as a comparison. BOD
biosensors were calibrated with OECD synthetic wastewater,
and experiments with different synthetic and actual wastewa-
ter samples were carried out. Results show that the semi-
specificM. phyllosphaerae-based microbial biosensor is more
sensitive towards wastewaters that contain milk derivates and
butter whey than the P. fluorescens-based biosensor. Although
the M. phyllosphaerae biosensor underestimates the BOD7

value of actual dairy wastewaters by 25–32 %, this bacterial
culture is more suitable for BOD monitoring in dairy waste-
water than P. fluorescens, which underestimated the same
samples by 46–61 %.
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Introduction

The dairy industry produces typically 1–2 m3 of wastewater
per metric ton of milk processed (Omil et al. 2003; Vourch et
al. 2008). The main contributors of organic load to these
wastewaters are carbohydrates (i.e., lactose), proteins (i.e.,
casein), and lipids (i.e., fatty substances) originating from
the milk. Carbohydrates (mainly lactose) are easily degrad-
able, whereas proteins and lipids are more difficult to bio-
degrade (Kasapgil et al. 1994; Perle et al. 1995; Thassitou
and Arvanitoyannis 2001). Appropriately adapted microor-
ganisms are required to biodegrade these substances (Fang
and Yu 2000; Janczukowicz et al. 2008).

Dairy effluent is an important issue in terms of organic
load in wastewater treatment plants and as a potential source
of environmental pollution (Perle et al. 1995). Therefore, it
is necessary to determine the content of organic pollution in
the wastewater going into treatment plants and to monitor
the contaminants in the effluents before final discharge into
the environment (Olaniran et al. 2008).

Biochemical oxygen demand (BOD) is most widely used
for monitoring the organic pollution in wastewater (Tan and
Lim 2005). According to the American or Swedish stand-
ards, the BOD test takes 5 or 7 days, respectively, to gain
results (APHA 1985; SIS 1979). Therefore, this method is
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not suitable for in situ monitoring and online control of
wastewater treatment systems. An alternative method based
on microbial biosensors can be used for BOD measure-
ments. A number of reports and reviews which focused on
different microbial BOD sensors have been published
(D’Souza 2001; Dhall et al. 2008; Kara et al. 2009; Kim
and Park 2001; Rastogi et al. 2003; Sakaguchi et al. 2003;
Su et al. 2011). Microbial biosensors have several advan-
tages: they are cheap, give fast response, and are not labor-
intensive. Nonetheless, the current BOD biosensors still
have limitations including lifetime, stability, and accuracy
(D'Souza 2001; Karube and Nakanishi 1994; Mello and
Kubota 2002; Xu and Ying 2011). Su and coworkers (Su
et al. 2011) reported that biosensors also suffer from poor
selectivity because of the nonspecific cellular response to
substrates. Therefore, a key component for constructing the
microbial BOD sensor is the selection of microorganisms
(Reshetilov 2005).

Since the composition of different industrial wastewaters
often varies greatly, the universal microbial sensors are not
suitable for the analysis of these specific wastewaters. Uni-
versal microorganisms used in biosensors are defined as
microorganisms that use a limited substrate spectrum com-
mon to a majority of aerobic heterotrophic microorganisms.
On the other hand, semi-specific microbial biosensors uti-
lize microorganisms that, in addition to the universal sub-
strate spectrum, can degrade some refractory compound or
group of compounds specific to that particular microorgan-
ism. Thus, semi-specific biosensors allow us to detect re-
fractory compounds that are found in industrial wastewaters,
which would be undetected by universal biosensors (Raud et
al. 2010; Raud et al. 2012a, b; Raudkivi et al. 2008).
Therefore, it is advantageous to use semi-specific microbial
BOD biosensors to determine the BOD in specific industrial
wastewaters.

In this study, several bacterial cultures were isolated from
the dairy wastewater of the Valio Eesti AS Laeva dairy plant
(Estonia) in order to obtain the bacterial culture with semi-
specific properties towards the compounds found in dairy
wastewaters. The bacterial culture, Microbacterium phyllos-
phaerae, was finally selected for semi-specific biosensor
construction because it has the best sensitivity towards
lactose and other milk constituents. Comparison measure-
ments were conducted with the nonspecific Pseudomonas
fluorescens-based biosensor.

Materials and methods

Isolation, cultivation, and identification of microorganism

A sample of dairy wastewater was collected from the Valio
Eesti AS Laeva dairy plant (Estonia) in order to isolate

semi-specific microorganisms which are able to degrade
lactose and other milk constituents. Using serial dilutions,
the sample was spread on the milk (30 g L−1 agar, 500 mg L−1

milk) and lactose (15 g L−1 lactose, 5 g L−1 agar, 100 mL L−1

M9 10× salt solution, 2,500 μL L−1 vitamins) containing
selective solid medium plates. The plates were incubated in
room temperature (22±1 °C) for a few days until colonies
developed. Chosen colonies were indexed and simultaneously
restreaked on fresh milk and lactose selective plates. The
colonies that grew on both types of selective plates within
3 days were chosen and restreaked. This procedure was re-
peated until pure bacterial strains were gained. Finally, the
isolated culture indexed as 17.3 was chosen based on rapid
growth rate and better immobilization characteristics. The
culture was identified as M. phyllosphaerae by 16S rDNA
sequence comparison. The cells of the nonspecific bacterial
culture of P. fluorescenswere used to bring out the advantages
of the semi-specific biosensor (Raud et al. 2010; Raud et al.
2012a, b; Raudkivi et al. 2008). The bacterial culture was
isolated, identified, and cultivated in the Institute of Technol-
ogy of the University of Tartu.

Cultivation

Both bacterial cultures were cultivated under aerobic condi-
tions in a rotating shaker for 18 h at 30 °C and at 210 rpm in
3 mL of Luria–Bertani (LB) broth (10 g L−1 tryptone, 5 g L−1

yeast extract, and 5 g L−1 NaCl). The gained bacterial suspen-
sion was used to inoculate 150 mL of the LB broth. The
broths, inoculated withM. phyllosphaerae and P. fluorescens,
were cultivated under the same conditions up to 14 and 8 h,
respectively. The optical densities of the microbial suspen-
sions were measured with a spectrophotometer (HP 4853)
at 600 nm to obtain the late exponential growth phase of
the cells (M. phyllosphaerae OD60003.7; P. fluorescens
OD60003.8). The cells were harvested by centrifugation at
4,000 rpm for 20 min and washed twice with 10 mL of
phosphate buffer (7.04 g L−1 NaH2PO4×H2O and 6.0 g L−1

Na2HPO4; pH06.86).

Immobilization and preconditioning

The cells of M. phyllosphaerae or P. fluorescens were
immobilized in an agarose gel matrix to form microbial
membranes. The mixture of 7.5 mL of phosphate buffer
and 180 mg of agarose (type I-A, low EEO, Sigma, Ger-
many) was heated to 80 °C to completely dissolve agarose.
The homogenous agarose solution was cooled to 50 °C to
minimize the heat shock for the introduced bacteria. Then,
800 μl of the previously prepared bacterial suspension was
added to the solution. After stirring, the suspension was cast
onto the polypropylene net discs (Scrynel, PP 500 HD) and
allowed to cool in ambient temperature until the solid gel
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was formed. The concentration of bacteria in the gel matrix
was kept constant in order to have biomembranes within a
comparable linear working range.

The resulting microbial membranes were preconditioned
by placing them into the phosphate buffer solution dosed
with the Organization for Economic Cooperation and De-
velopment (OECD) synthetic wastewater solution with a
BOD7 of 30 mg L−1 for 2 weeks. According to the recipe,
the OECD synthetic wastewater contained 1.6 g L−1

peptone, 1.1 g L−1 meat extract, 0.30 g L−1 carbamide,
0.28 g L−1 K2PO4, 0.07 g L−1 NaCl, 0.04 g L−1 CaCl2×
2H2O, and 0.02 g L−1 MgSO2×7H2O (OECD 1984). During
the preconditioning and experimental period, the membranes
containing the immobilized bacteria were stored in phosphate
buffer solution at 4 °C.

Experimental procedure

The biosensor was constructed according to the description
in our previous paper (Raud et al. 2010). The Clark-type
oxygen sensor CellOx 325 (WTW, Germany) was used to
construct the biosensor. The microbial membrane was at-
tached to the oxygen sensor with a special collar and inser-
tion ring. The signal was detected and transformed using the
InoLab 740 converter (WTW, Germany) and Multilab Pilot
program. The experiments were carried out in phosphate
buffer solution at room temperature. An aerator unit and
magnetic stirrer were used to ensure the oxygen saturation
and homogeneity of the measurement solution.

Constructed BOD biosensors were calibrated using the
OECD synthetic wastewater with 2,000 mg L−1 of BOD7 as
a standard solution. The steady-state method was used to
evaluate the signal changes resulting from the changes in the
BOD7 of themeasurement solution. The biosensor was inserted
into an aerated phosphate buffer solution, and after the initial
steady-state signal (S0) was achieved, a certain amount of the
sample was inserted into the measurement solution. After the
addition of substrate, the immobilized microorganisms started
to degrade the organic compounds. Therefore, the consump-
tion of oxygen increased, and oxygen measured with the dis-
solved oxygen sensor decreased. The sensor signal decreased
until a new steady state (St) was achieved. The substrate was
inserted into the measurement solution using a step-by-step
adding method in order to change the BOD7 of the measure-
ment solution gradually with each addition. BOD7 of the
measurement solution was elevated until the output from the
oxygen sensor was zero or did not change after the addition of
the substrate into the measurement solution (Raud et al.
2012a). The output signal of the oxygen sensor at a certain
BOD value was normalized according to Eq. 1:

SN ¼ s0 � st
S0

; ð1Þ

where SN is the normalized signal, S0 is the stabilized signal at
BOD700 mg L−1, and St is the stabilized signal at a certain
BOD value. The normalized output signal was plotted against
the BOD7 of the solution, and the resulting calibration curve
was used to calculate the sensor-BOD values of the sample
solutions. The obtained results were plotted against the results
of the respective BOD7 analysis (sensor-BOD vs. BOD7), and
the accuracy of the BOD biosensors were evaluated. All meas-
urements were carried out with six parallel microbial mem-
branes for both bacterial cultures.

Wastewater samples

Measurements with different synthetic and actual wastewa-
ter samples were carried out to evaluate the suitability of the
semi-specific BOD biosensor for the analysis of dairy
wastewater. Synthetic wastewater samples with a composi-
tion similar to industrial wastewaters were based on the
OECD synthetic wastewater to which different refractory
components were added. To gain a synthetic wastewater
sample similar to the wastewater from a dairy industry
(sample A), 1 mL of sterilized milk was added to 1 L of
OECD synthetic wastewater. Experiments were also carried
out with OECD synthetic wastewater dosed with different
additives (0.5 mL milk, 0.5 g cellulose, and 0.084 g phenol
to 1 L of standard solution; sample B) to mimic mixed
industrial wastewaters. In this case, half of the OECD
wastewater components described in the previous paragraph
were used. The concentrations of additional compounds
were chosen in a way that each would make up for 20 %
of the BOD7 of the OECD synthetic wastewater. As the
conventional BOD7 analyses could not determine the
BOD7 value of the cellulose solution (Raud et al. 2012b),
the cellulose part in the solution was accounted by half of
the chemical oxygen demand (COD) value. The COD was
determined by Dr. Lange COD test (Cuvette Test LCK114,
Dr. Bruno Lange GmbH, Düsseldorf, Germany). The
measurements were also performed with two wastewater
samples from the Valio Eesti AS Laeva dairy plant (sam-
ples C and D). Before the measurements the samples were
processed in an ultrasonic bath for sterilization. Conven-
tional BOD7 analysis of the above mentioned solutions
was performed according to the APHA method in tripli-
cate (APHA 1985).

Results and discussion

Calibration of the BOD biosensors

The calibrations of both biosensors were carried out with
OECD synthetic wastewater. Although the glucose–gluta-
mic acid solution has been widely used as a reference for the
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conventional BOD analysis, using OECD synthetic waste-
water for calibrating the BOD biosensors has shown better
agreement between the conventional BOD analysis and
biosensor BOD measurements (Liu and Mattiasson 2002;
Tanaka et al. 1994). The calibration curve for a M. phyllos-
phaerae-based biosensor was calculated on an average of
nine parallel measurements (standard deviation (SD) 6.3 %),
and for the P. fluorescens-based biosensor, the calibration
curve was calculated on an average of eight parallel meas-
urements (SD 3.7 %).

Linear range and sensitivity of the BOD biosensors

The linear range of the BOD biosensor is defined as the
range of substrate concentration where the change in the
biosensor output signal is proportional to the BOD7 of the
sample (Liu and Mattiasson 2002; Thévenot et al. 2001).
The linear ranges of M. phyllosphaerae- and P. fluorescens-
based BOD sensors were up to 40 mg L−1 of BOD7, while the
lowest detection limit used was 5 mg L−1 of BOD7 (Fig. 1).
The sensitivity of the biosensor is represented by the slope of
the calibration curve (Liu and Mattiasson 2002; Thévenot et
al. 2001). The sensitivities of M. phyllosphaerae- and P.
fluorescens-based sensors were 0.0220 and 0.0213, respec-
tively. The linear range and sensitivity of the microbial bio-
sensor depend on the amount of immobilized bacteria and,
more importantly, on the amount of active bacterial cells in the
bacterial suspension. Generally, biosensors with higher active
cell concentrations have a narrower linear range but are more
sensitive.

Service life and stability of the BOD biosensors

The service life and operational stability of BOD microbial
biosensors are primarily related to the stability of the immo-
bilized microorganisms but depend on the method of immo-
bilization as well (Liu and Mattiasson 2002; Wang et al.
2010). The operational stabilities of M. phyllosphaerae and

P. fluorescens BOD biosensors were determined during cali-
bration with OECD synthetic wastewater (at a BOD7 value of
25 mg L−1 and 15 mg L−1, respectively). A biosensor was
considered to be stable when deviation from the average
sensor response was below 15 % (Raud et al. 2010).

During the preconditioning period, the sensitivity of the
M. phyllosphaerae biosensor increased (Fig. 2), and then,
after reaching the maximum sensitivity, it stabilized at slightly
lower values by day 35. In the case of the P. fluorescens
biosensor, the sensitivity of the sensor was highest at the
beginning of the preconditioning period. Then, the sensor
response slowly decreased until it stabilized at lower values
by day 42. After stabilization, M. phyllosphaerae and P.
fluorescensBODbiosensors produced stable and reproducible
results up to day 310 (Fig. 2). This shows that the biosensor
based on the pure microbial culture will yield a long and stable
operational period.

Response time and recovery time of the BOD biosensors

Using the steady-state measuringmethod, the response time of
the BOD biosensor is the time taken to achieve a stable output
signal after the substrate addition (Liu and Mattiasson 2002;
Thévenot et al. 2001). During the preconditioning period, the
response time of both microbial biosensors was 45–50 min.
When the operational stability was obtained, the response time
shortened to 20–30 min.

Recovery time of a biosensor is defined as the period
needed for the biosensor to gain the initial output signal after
the experiment (Thévenot et al. 2001). During the precon-
ditioning period, the recovery time of both BOD biosensors
was 1 week. After obtaining the operational stability of the
biosensor, the recovery time was 2–3 days. Due to the
internal supplies of nutrients that were still in the bacterial
cells, it was impossible to measure using the same BOD
biosensor for 2 consecutive days.

Fig. 1 Calibration curves of M. phyllosphaerae and P. fluorescens
biosensors

Fig. 2 Service life and stability of M. phyllosphaerae and P. fluores-
cens biosensors when calibrating with OECD synthetic wastewater at
BOD7 values of 25 mg L−1 and 15 mg L−1, respectively. The dotted
lines indicate the time when a biosensor was considered to be stable
and reproducible results could be obtained. The arrows indicate the
respective lengths of service life for the biosensors
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BOD measurements in wastewater samples

Measurements with four different wastewaters were con-
ducted, and sensor-BOD values using theM. phyllosphaerae-
and the P. fluorescens-based BOD biosensors were gained.
Conventional BOD7 analysis was conducted, and the results
of the two methods were compared to evaluate the accuracy of
the biosensors.

Measurements showed that the M. phyllosphaerae BOD
biosensor underestimated the BOD7 of sample A only by
8 %. However, the P. fluorescens-based biosensor under-
estimated it by 24 % (Fig. 3a). This is approximately the
amount of BOD that was added to the synthetic wastewater
by milk addition. It shows that the bacterial culture of M.
phyllosphaerae has the required enzymes to degrade the
refractory compounds found in milk, while the bacterial
culture of P. fluorescens lacks them.

Figure 3b shows that the results obtained with the M.
phyllosphaerae biosensor differed from the BOD7 of sample
B by 5 %, while the P. fluorescens BOD sensor underesti-
mated the BOD7 of the same sample by 22 %. According to
the study conducted by Salmerón-Alcocer (Salmerón-Alcocer
et al. 2007),M. phyllosphaerae is able to degrade phenol. Our
studies showed that this bacterial culture can assimilate the

refractory compounds found in milk as well. Therefore, it is
expected that the M. phyllosphaerae-based biosensor can
estimate the BOD7 of the synthetic wastewater with different
additives (milk, cellulose, and phenol) more accurately than
the biosensor based on the nonspecific P. fluorescens.

Measurements with actual wastewater samples from the
Valio Eesti AS Laeva dairy plant (samples C and D) showed
that neither of the used biosensors was able to estimate the
BOD7 within the allowed control limits of 15.4 % (APHA
1985). However, the semi-specific M. phyllosphaerae bio-
sensor (underestimated samples C and D by 32 and 25 %,
respectively) was more sensitive towards the wastewater
samples than the nonspecific P. fluorescens biosensor (under-
estimated samples C and D by 61 and 46 %, respectively)
(Fig. 4).

Wastewater from dairy industries generally has high con-
centrations of fats, casein, and lactose and also contains
various kinds of chemicals (acids, alkalis, and detergents)
(Ozturk et al. 1993; Perle et al. 1995). Most of these chem-
icals are coming from the cleaning systems. These com-
pounds inhibit the assimilation of organic substrates by the
immobilized bacteria which leads to the lower sensor-BOD
values. Moreover, since during the milk processing and
protein curdling of the substrates in dairy wastewaters which

Fig. 3 The correlation between
the BOD7 and sensor-BOD
from semi-specific M. phyllos-
phaerae and nonspecific P. fluo-
rescens biosensors in synthetic
wastewater samples with milk
andmixed additives, respectively,
in a sample A and b sample B.
The center line on the graph is the
1/1 correlation between the
sensor-BOD and BOD7

Fig. 4 The correlation between
the BOD7 and sensor-BOD
from semi-specific M. phyllos-
phaerae and nonspecific P. fluo-
rescens biosensors in wastewater
samples from the Valio Eesti AS
Laeva dairy plant with BOD7

values of 1,950 and
3,050 mg L−1, respectively, in a
sample C and b sample D. The
center line on the graph is the
1/1 correlation between the
sensor-BOD and BOD7
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are not only in dissolved form but also in the form of
colloids and particulate matter (Schwarzenbeck et al.
2005), these compounds are not easily degraded by micro-
organisms in a short measuring period. Results could be
improved by a pretreatment of wastewater samples which
leads to the dissolution of colloids. The decomposed com-
pounds would be assimilated faster by microorganisms,
resulting in an increase in the accuracy of the biosensor
(Chee et al. 2007).

It should be noted that actual wastewater samples C and
D were taken in different times; therefore, these samples
also differed in composition. Since the dairy industry pro-
duces different products (like milk, butter, yogurt, cheese,
etc.), the characteristics of wastewaters also greatly vary in
time, depending on the kind of products produced by the
factory (Rico Gutierrez et al. 1991). Sample D was taken
when cheese was produced, and the production of cheese is
related to the production of whey. While producing the
cheese, the curdling part is taken away, and the content of
the curdling protein is probably less in the dairy wastewater
which in turn means less use of detergents. Thus, it may be
assumed that sample D contained less washing liquids and
more specific refractory compounds which were more easily
degradable to M. phyllosphaerae.

The absence of enzymes necessary to degrade milk deri-
vates in the P. fluorescens biosensor can be the reason for
the lower sensitivity compared with the M. phyllosphaerae
biosensor. Therefore, the microbial biosensor based on M.
phyllosphaerae exhibits semi-specific properties towards a
high lipid, protein, and carbohydrate content, whereupon it
is more appropriate for analyzing dairy industry wastewaters
than the microbial biosensor based on the universal bacterial
culture of P. fluorescens.

Conclusions

The bacterial culture of M. phyllosphaerae, isolated from
the dairy wastewater of the Valio Eesti AS Laeva dairy
plant, was used as a biological recognition system in the
semi-specific microbial BOD biosensor. The selection of the
microorganism was based on its ability to use lactose as a
substrate because lactose and milk protein concentrations
are high in a dairy wastewater. The nonspecific P. fluores-
cens was used in a universal microbial biosensor for com-
parison. To investigate the applicability of the semi-specific
M. phyllosphaerae BOD biosensor, actual wastewater sam-
ples were used to test the correlation between the sensor-BOD
and BOD7 values.

The semi-specific M. phyllosphaerae biosensor enabled to
measure the BOD in wastewaters containing milk and milk
derivates, both synthetic and industrial, more accurately than a
nonspecific P. fluorescens biosensor. The M. phyllosphaerae

biosensor underestimated the BOD7 of actual wastewater
samples up to 32 %, while the P. fluorescens biosensor under-
estimated the same samples up to 61 %. Therefore, it can be
concluded that the microbial biosensor of M. phyllosphaerae
has semi-specific properties towards the degradation of lac-
tose and milk proteins; thus, it is more appropriate for mea-
suring BOD in dairy wastewater than the microbial biosensor
based on the universal bacterial culture of P. fluorescens.
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