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Abstract

Artificial microbial co-cultures were formed to ddwp the receptor element of a
biosensor for assessment of biological oxygen denf@©®D). The co-cultures possessed broad
substrate specificities and enabled assays of watkfermentation products within a broad
BOD range (2.4-80 mg/dinwith a high correlation to the standard meth@a: (0.9988). The
use of the co-cultures of the yeaBishia angustaArxula adeninivoransandDebaryomyces
hanseniimmobilized inN-vinylpyrrolidone-modified poly(vinyl alcohol) enédd developing a
BOD biosensor possessing the characteristics ferion to those in the known biosensors. The
results are indicative of a potential of using ghes-cultures as the receptor element base in

prototype models of instruments for broad applorati

Key words: co-culture bacteria, yeasts, biochemical oxygen demand (BOiD$ensor
analyzer, growth curves

Highlights

- stability of two yeast co-cultures in a BOD sansas studied

- substrate specificities of microbial co-culturgsbd receptor elements were assessed



- new polymer for immobilization of NVP-modified PMmproved the characteristics
- the co-culture of three strains provided for biosor’'s higher analytical signals
1. Introduction

Biochemical oxygen demand (BOD) is one of the nbosadly used indices for
monitoring the purity of aqueous environments By}.definition, it represents the amount of
oxygen required for biochemical oxidation of orgasiubstances contained in the sample. For
drinking and clean water the BOD value should neeed 2 mg/dr) at BOD higher than 4
mg/dn?, water is considered to be polluted. The duratibclassical BOD tests is 5 days
(BODs) and more, which is too long for the on-line asggnt of an ecological situation [2].
BOD assessment methods for express assays aredasi@igped based on biosensor analyzers
[1].

As recognition elements, BOD biosensors use migarusms capable of metabolizing a
broad range of organic compounds. The biorecognélements of BOD sensors are formed by
either pure microbial cultures with certain consupr®perties (a broad range of oxidized
substrates, resistance to negative factors ofrihlieament) or microbial consortia (artificial co-
cultures, activated sludge) [3].

Microbial co-cultures make it possible to signifitlg broaden the range of oxidized
substrates and, correspondingly, to increase theacy of BOD determination [1]. At the same
time, BOD biosensors based on microbial co-cultaegsbe insufficiently stable due to a
gradual change of their composition [4]. BOD biagas based on a complex microbial
population, as, for instance, in activated sludigere the best capability of detecting a broad
range of substrates; still, due to the instabdityhe consortium, in the course of time these
biosensors yield the least reproducible resultgef@ solutions of this problem have been
proposed. Thus, the biosensor can be periodicaligrated or else thermally killed activated
sludge can be used [5]. Still, inconvenience arapon and technical complexity of these

approaches restrict applicability.



Microbial co-cultures consisting of no more thamtar three strains are used to increase
the number of oxidized substrates with preservptbdricibility of biosensor responses [6]. This
leads to broader substrate specificities and sabidn of the biosensor functioning for a long
period of time. Thus, in [7] the authors used tbealture ofTrichosporon cutaneurand
Bacillus subtilisto form a BOD biosensor. The biosensor was use@termine BOD in lake
water and municipal wastewaters; its lifetime wasearthan 40 days. In [8-9], microorganisms
Bacillus licheniformisDietzia marisandMarinobacter marinussolated from sea water were
used. The biosensor described was capable of sipblation for up to 10 months and was
successfully used to assay sea water samples.

Despite the available descriptions of BOD bioses$ased on microbial co-cultures, the
predominant number of studies have used consediated from various natural sources. A
more promising approach is to use artificial micablbo-cultures formed in an empirical way
based on the analysis of their physiological anthbwdic properties. This approach enables
developing bioreceptor elements of biosensors keitfuired consumer qualities without time
consuming experiments to isolate and identify redtomicroorganisms.

The aim of this work was to search for a stabiiéi@al microbial co-culture with broad
substrate specificity and to form an amperomet@PBbiosensor on its basis. The work used
cells of the yeastBichia angusta, Arxula adeninivorari3ebaryomyces hansenandida

boidinii and of the bacteri@luconobacter oxydans

2. Materials and methods
2.1. Microorganisms

Pure cultures of the yeastsangusta/KM Y-2518, P. angustaVKM Y-1397, A.
adeninivorans/KM Y-2677, D. hanseniVKM Y-2482, C. boidiniiVKM Y-2356, as well as of
the bacterids. oxydansbsp industriesVKM B-1280 were used to form co-cultures. The

cultures were obtained from the All-Russian Cditatof Microorganisms, FSBIS G.K.



Skryabin Institute of Biochemistry and PhysiolodyMicroorganisms, Russian Academy of
Sciences.
2.2. Cultivation of microorganisms

Bacteria were cultivated at 28For 18—20 h on a nutrient medium of the following
composition: D-sorbitol, 200 g/dinyeast extract, 20 g/dindistilled water, 100 cfia pH of the
medium, 5.2-5.5. After cultivation, cells were hested by centrifugation (10 min at 43§)0
and were washed with sodium phosphate bupidr6.0. Bacterial biomass was dried for 1 h in
microtubes on air and was frozen for prolongedagjerat —15C.

A. adeninivoransD. hanseniiC. boidinii yeast cells were grown on a rich medium:
glucose, 10 g/df peptone, 5 g/dirand yeast extract, 0.5 g/dn. angustageast cells were
grown on a rich mineral medium containing yeastastt 0.1 g/dr leucine, 0.034 g/df
glycerol, 1.66 cnj trace elements (MNSQCoCLBH,0, (NH.)6M0702414H,0, CaCh2H,0,
FeSQIZH,0); 0.2 cni (Sigma, USA); distilled water, 200 énCells were grown aerobically for
18-20 h at 29¢ and mixed at 120 rpm. Biomass was centrifuged.@omin at room
temperature at 430f) The centrifugate was washed with 20 mM phospbatter, pH 6.8.
Sedimented cells were resuspended in a fresh mdfetion and sedimented in an Eppendorf

centrifuge for 3 min at 430§. Washed biomass was weighed and stored in miastab—15C.

2.3. Growth curves

Microbial growth curves were obtained by overlaygpihe time intervals within which
the optical density was measured. Optical densufi¢ise suspension were measured
spectrophotometrically on an SF-103 spectrophotern{@kvilon, Russia) every two hours for
48 h at a wavelength of 540 nm and cuvette thickiéd cm relative to a cuvette with distilled
water. The obtained dependences of optical deasityme were used to plot the growth curves

for the yeast and bacterial cells.



2.4. Optical microscopy

Pure cultures of the yeasts and bacteria andtbetultures were investigated by the
method of light field microscopy. A Biomed-6 tridaumicroscope (Biomed, Russia) was used
for microscopic analysis; total magnification oétbbject was x1600. Before viewing,
preparations were fixed and stained. Yeast celle w&ined with a fucsin solution; bacterial

cells were Gram stained.

2.5. Determination of the amount of viable cellsin co-cultures by inoculation onto dense
nutrient media (Koch method)

A number of successively diluted suspensions ofwbial co-cultures (degree of
dilution, 10°) were prepared to produce separate colonies. Ssisms were inoculated by the
surface method from three last dilutions (4 paratieculations). Colonies were counted after 7

days of incubation.

2.6. Biosensor measurements

Electrochemical measurements were carried out wsirtgkspert-001-4.0.1 pH meter—
ionometer—BOD thermal oximeter (Ekonics-expert IRdssia) coupled with a computer
operated by EXP2PR specialized software (Ekonigeex td, Russia). The software enables
registration and processing of biosensor signdie. maximal rate of oxygen concentration
change at the addition of substrates (md/dinwas the measured parameter (biosensor
response). Clark-type oxygen electrodes contaimmmgobilized microbial cells were used as
transducers. Measurements were done in aeonette. A sodium—potassium phosphate
buffer solution (pH 6.8) was used; the total comicdion of the salts, 20 mM. The solution was
mixed by a magnetic mixer (200 rpm). A mixture dfgpse and glutamic acid (GGA) at a mass
ratio of 1:1, applied as the B@Q@etermination standard in the Russian Federatidnra

international practice [2], was used as a modetume In accordance with the regulatory



documents, a value of BQRqual to 205 mg/dfnvas taken to correspond to a solution

containing 150 mg/dfglucose and 150 mg/dmlutamic acid (BOB= 0.68>Cgga).

2.7. Immobilization of microorganisms by adsor ption

To form a receptor element, microbial biomass whsdedl with phosphate buffer to a
concentration of 200 mg/cinSolutions containing pure microbial cells wereedi at a ratio of
1:1 (2:1:1 for a co-culture consisting of 3 micrganisms); qul of the produced suspension was
applied onto a 3x3 mhfragment of a Whatman GF/A glass fibre filter. Teeeptor element
was dried for 10-15 min on air and fixed by meains wylon mesh on the surface of an oxygen

electrode.

2.8. Immobilization of microorganismsin gel based on PVA modified by N-vinylpyrrolidone

To prepare PVA modified b-vinylpyrrolidone, an aqueous solution of cerium
ammonium nitrate (Nij.Ce(NGs)s andN-vinylpyrrolidone were added to an aqueous solution
of PVA (molecular mass, 1.0-341.1-10 amu) at constant mixing at 40for 3 h [10].

To produce the immobilized biocatalyst, 36 mg ofmbial cells mixed at a ratio of 1:1
(1:1:1 for the association consisting of 3 micr@mgms) was added to 2(0Dof PVA gel
modified byN-vinylpyrrolidone. A uniform distribution of cell& gel was achieved by shaking
on a CM70M centrifuge (ELMI, Latvia) for 5 min. T&ispension produced was transferred
onto a slide and dried for 24 h at room temperafline thickness of the film produced was 15
um; the specific density of immobilized cells, 5.8/ent. The immobilized biocatalyst was
stored at 4°C. To form the biosensor, a fragmemprofluced gel 4 mm in diameter was fixed by

a nylon mesh on the surface of an oxygen electrode.

2.9. Determination of BODs by the standard dilution method



BODs was determined by the dilution method as indicatd@]. Dissolved oxygen
concentrations in a sample were measured beforafgerdhe incubation period and adjusted by
the sample corresponding dilution factor. To enshia¢ all other conditions were equal, a very
small amount of microorganism seed was added to ample tested. This seed was generated
by diluting organisms with buffered dilution wat&he BOD test was carried out by diluting the
sample with oxygen saturated dilution water, inatinl it with a fixed aliquot of seed,
measuring the dissolved oxygen (DO) and then sg#tie sample to prevent further oxygen
dissolving in. The sample was kept at 20°C in thekdo prevent photosynthesis (and thereby
the addition of oxygen) for five days, and the diged oxygen was measured again. The

difference between the final DO and initial DO was required BOD value.

3. Results and discussion
3.1. Formation of artificial microbial co-cultures

The main requirements of artificial microbial coltaves to be used in the development
of BOD biosensors are a broad range of oxidizedtsates and temporal stability of
composition. For this reason, the main criteriahnosing microorganisms for a co-culture were
substrate specificity and specific growth rate wifepcultures.

The studies showed that the substrate consumiaierof a co-culture was not always
eqgual to the sum of consumption rates of individiiedins; besides, in a number of cases the
activity of a co-culture could be even lower thaode of its constituent cultures [11]. This effect
can be explained by a competition between co-aiKistrains for the most readily utilizable
substrate. For this reason, to make up a compogtissessing a broad substrate specificity,
without competing interactions between its constitustrains, it is required that the
microorganisms possess different sets of enzynteragsand, thus, supplement each other. One
of the approaches based on this principle is tlud®into co-cultures strains of different

taxonomic groups.



Yeasts are the preferable biomaterial for the dgaraknt of BOD biosensors, because
they are resistant to negative factors of the enwirent (pH, ionic strength of solution,
temperature, heavy metal ions) and can functighemrecognition element of the biosensor for a
long time [6, 12, 13]. Yeasts of the spedesdeninivoranpossess a broad substrate
specificity and could be potentially used in bicsas for BOD assays [14, 15]. YeaBts
angustaare distinguished by a high sensitivity to alcehdl6é]. Microorganismg. boidinii
possess a broad substrate specificity [17]. Ydaskanseniiare also distinguished by a broad
substrate specificity and resistance to negative@mmental factors [17]. Bacter@. oxydans
possess a special organization of the metaboltersyharacterized by the surface localization
of a number of major oxidative enzymes and a hyggrational efficiency of the electron
transport chain, which provides for a rapid biogemesponse [18]. The substrate specificities of
particular microbial strains studied were assessety substrates from various classes of
organic compounds — alcohols, carbohydrates, aagits, carboxylic acids, aldehydes. The
data obtained are given in Table 1.

From the data, it could be concluded that the neigganismsD. hanseniandA.
adeninivorangossess the broadest substrate specificitieseeasts oxidize substances of a
large group of the represented classes of orgampounds, which includes alcohols,
carbohydrates, carboxylic acids, amino acids an@siants that can be found in waste waters
(Table 1). The ability of the yeadds hanseniandA. adeninivorango actively oxidize
secondary and branched alcohols enables the Umesainsors on their basis for BOD assays of
waste waters in enterprises of liquor and spintastry. Valuable from a practical point of view
are responses to sodium dodecyl sulfate and sodagacylbenzene sulfonate (components of
detergents), as well as the absence of a toxioraofithese substrates at their short-time effect
on immobilized yeasts.

The yeasC. boidiniiis capable of oxidizing a sufficiently broad rarajesubstrates

except surfactants, branched alcohols, some diaedels and lysine (Table 1). A characteristic



feature of bothP. angustastrains is their capability of actively oxidizisgcondary and branched
alcohols, which enables using the biosensor dmaisss for BOD assays of waste waters in liquor
enterprises. The receptor based®roxydandacteria is characterized by the most narrow range
of oxidized substrates. Responses of a biosensedhan these bacterial cells were obtained for
normal structure alcohols (except methanol), soaneahydrates and amino acids.

It is known that microorganisms are capable of ghosand propagation in immobilized
form [19]. As the functioning of a biosensor is@sated with the oxidation of organic
substances (nitrogen-containing substances in@litiy microorganisms, it can be assumed that
in the course of time the composition of the cdwal in the bioreceptor may change. More
rapidly growing microorganisms may drive out thtisat grow slower. This work obtained the
growth curves of the microorganisms used. The didgreres of the optical density of culture
liquid on time are given in Table 2.

Having studied the obtained data on the substpeeificities of the investigated
microorganisms, as well as having compared thetidnsaof the cultures’ main growth phases,
we chose the microbial strains to form co-cultures.

Co-culture 1 included microorganisms adeninivoranaindP. angustayKM Y-1397.

A. adeninivoranpossess a broad substrate specificity and areasie imicroorganisms in the
co-culture. Addition ofP. angustar-1397 to them enables expanding the range of padli
substrates to include methanol, glycerol, secondadybranched alcohols. Besides, cellé.of
adeninivoransandP. angustar-1397 have similar growth phases and arrive agtogith
retardation phase in approximately 30 h. They B® eharacterized by the prolonged lag phase
(10-12 h) and prolonged linear growth phase (1291Zhus, it can be assumed that there will
be no domination of one yeast species over the.othe

Co-culture 2 was composed of microorganiginadeninivorans, P. angusté&KM Y-

1397 andD. hanseniiAddition of the yeasD. hanseniito co-culture 1 enables an even greater

broadening of the range of oxidized substrateadlude some carbohydrates and amino acids



(xylose, aspartic acid). However, the durationthefcultures’ main growth phases strongly
differ. The yeasD. hanseniis the most rapidly developing species of the tinézobial
cultures.

Co-culture 3 was made up 6f oxydanandP. angustar-2518. The yead®. angusta
actively oxidizes alcohols, and the bact&iaoxydansctively oxidize many carbohydrates, not
oxidizable byP. angustaThis co-culture has the most narrow range of oeidigubstrates. Still,
both these strains are known to be actively useldendevelopment of biosensors for assaying
carbohydrates and alcohols and to possess highigigies [16, 20]. This suggests that a
biosensor based on the co-culture of these micamisgs shall also possess high metrological
characteristics. BesideS, oxydansandP. angustéhave similar growth phases, namely, the
adaptation phase (up to 8 h), a short exponentaitty phase (up to 2 h) and by 16 h they reach
the growth retardation phase, which, as is the wadtbeco-culture 1, suggests a high stability of

the biosensor.

3.2. Stability of the developed co-culturesin time

The main obstacle on the way of introducing BODsbitsors into practice is temporal
instability of microbial co-cultures’ compositioA.previous work [21] has shown a high long-
time stability (31 days) of a biosensor based enctirculture oD. hanseniVKM Y-2482,
Arxula adeninivoran¥ Gl (78)-6 andP. angustaVKM Y-2518. However, the long-term
stability can be due to the high survival rate wlfydwo or one of the yeasts used. For this
reason, it appeared to be important to study teeisp stability of the microorganisms in the co-
cultures formed. The species stability of microoigens in the co-cultures in time (42 days) was
studied by optical microscopy and the Koch metfdek storage conditions corresponded to the
conditions of use in a biosensor analyzer (roonptrature, daily washing with GGA solution

with BODs = 205 mg/dm and triple washing with buffer solution).



The results of the studies showed that the cetl cdtdifferent microbial species in the

co-culture ofA. adeninivoranaindP. angustayKM Y-1397 did not change in the course of time

(Fig. 1).

Fig.lishere

The ratio of microorganisms in the co-culturefofadeninivorans, P. angustéKM Y-
1397andD. hansenichanged by the end of the study period. In thesmaf timeD. hansenii
became the dominating species. By the 42nd dayvestigation, the ratio of the yeasts
adeninivorans P. angusta D. hanseniwas 1:1:4. It should be noted that the dominatioD.o
hansenii in the co-culture begins to be observed by thedénide investigation time. According
to the results of the analysis by the Koch metleodfirmed by the data of optical microscopy
up to the 23rd day of investigation, the ratio e€mmorganisms in this co-culture did not change.
A low stability of the co-culture of the yeagtsadeninivoransP. angustaandD. hanseniis,
most likely, due to a higher growth rate of andv&cinetabolic processesih hansenii The
specific growth rate of thB. hanseniicell culture is 0.2591, whereas for the yeasts
adeninivoranandP. angustahe specific growth rates are 0.1584nd 0.160 1, respectively.

The co-culture of5. oxydansandP. angustar-2518 significantly changed its
composition in the course of time. Thus, alreadyhgy10th day of experiment the ratio Gf
oxydans P. angustar-2518 was 2:1. By the 40th day of the measurentbetsatio was 8:1.
Thus, the co-culture, despite the close growthsratéhe microorganisms, is unstable. This is
associated, most likely, with a higher resistarfab® bacteria to the action of the changed
conditions of the external medium (immobilizatiomhus, it is known that in the case of a joint
immobilization of yeast and bacterial cells thetbea may drive out the yeasts in 20 days of

operation [14]. Based on these experimental daiscb-culture was not used in further work.



3.3. Characteristics of the biosensors based on the co-cultures formed

In the course of the work, biosensors for BOD egpi@nalysis were formed based on the
developed co-cultures. Gel of poly(vinyl alcoholpdified byN-vinylpyrrolidone was used in
the development of biosensors’ recognition elemenisimobilize the co-cultures. The use of
N-vinylpyrrolidone for modification of PVA makespiossible to significantly increase the long-
time stability of produced receptor elements aigh Bensitivity and broad substrate specificity
preserved [10].

A graduation dependence of biosensor response @y BChe measuring cuvette for

the developed biosensors was plotted (Fig. 2).

Fig.2ishere

The receptor elements based on whole microbiat bellong to catalytic type
bioreceptors, i.e., a biological response in syskesns is provided for by enzymic reactions of
microorganisms. For this reason, the dependenesemied in Fig. 2 were fit by the Michaelis—

Menten-type equation:

Rinax [ S]
Ky +[S] "

whereRyax is the maximal rate of oxygen uptake by immobdizeicroorganisms achieved at
[§—x, K'y IS the apparent Michaelis constant, i.e, the camagan of substrate at whidR=
Rmax/2.

To reduce errors of analysis, it is common pracdticuse the linear segment of the
graduation dependence bounded from above by therempconstark’y. The lower boundary
of the linear segment corresponds to the lower Banof the determined contents and is
calculated by the statistical method proceedinmftbe criterion of the value for the relative

standard deviation of the measurement resi8t&)) < 0.33. For a sensor based on the



association of the yeasts adeninivorang&ndP. angustathe lower boundary of the determined
BOD values was 2.2 mg/dirfor a sensor on the associationfofadeninivoransP. angustaand
D. hansenii, 2.4 mg/din

The operational stability of the biosensors wagrmheined as a change of activity (in per
cent of the initial value) after 15 successive mearments. The time within which the value of
the signal was no less than 25% of the initialvétgtis taken as the time of the stable operation
of the receptor element. Table 3 presents the aralfytical and metrological characteristics of
the biosensors based on the stable co-culturestbrm

Thus, the developed biosensors possess closeiaabdytd metrological characteristics.
It is important to note that by their charactedstihese biosensors are not inferior to their
counterparts [3, 4] and even patrtially surpass théms, a single BOD assay using the
developed analyzer requires less time (3—4 micpagpared with a BOD assay done by means
of other models of biosensor analyzers (10-15 i) 22, 23]. The lower boundary of the
determined BOBvalues by the developed biosensors is somewhaionfto the biosensor
based on the single strdn hanseniVKM Y-2482, immobilized in gel of chemically modé#d
PVA, described in [10]. However, for most real-l§amples this value of the lower boundary is
acceptable.

As the substrate specificities of a co-culture @smdonstituent microorganisms may
differ, the substrate specificities of receptonsats based on the developed microbial co-
cultures immobilized in a film of PVA modified by-vinylpyrrolidone were assessed.
Predominantly readily oxidizable organic substaneere taken as substrates, since their ingress
into water reservoirs leads to a significant returcin the level of dissolved oxygen and
subsequent eutrophication [24]. Figure 3 presdm@siata for the substrate specificities of the

developed biosensors.

Fig.3ishere



Thus, the co-culture based on stradhangustaVKM Y-1397, A. adeninivoran¥Y KM
Y-2677,D. hanseniVKM Y-2482 possesses the broadest substrate specificity.cokislture
oxidizes mono- and disaccharides, monoatomic ah@monic alcohols, carboxylic acids,
amino acids, some aromatic compounds. Sodium bentadood additive having a suppressive
action on yeasts by inhibiting the enzyme actigiiiethe cell) ang-nitrophenol (a widespread
commercial toxicant) are oxidized only by the cdume of P. angustaA. adeninivorangandD.
hansenii

It is important to note that, unlike the biosenisased on the single strdn hansenii
immobilized in gel of chemically modified PVA [10he use of the biosensor based on the co-
culture of three microorganisms makes it possibleignificantly broaden the range of substrates
oxidized by the bioreceptor. This will lead to iease the correctness of assaying real-life
samples of waste waters and will ensure a wideegijn of the developed biosensor in

practice.

3.4. Assays of water samples and fermentation products using biosensors based on the co-
culturesformed

Water samples and fermentation products were agsmsyrg the developed biosensors
and by the standard dilution method. The samples va&en from river and bog water, waste
waters of municipal sewage facilities, meltwatéesmentation products of starchy raw materials
(distillery stillage). Sampling was done in accardawith the standard technique [2].
Determination of BORin wastes by the standard dilution method wasexhout according to
the current regulatory documents (item 2.9) [2QuFe 4 (a, b) shows a correlation between the
BOD values of water samples determined using tbsdnisors (for three and two co-cultures,
correspondigly) and those determined by the stahditution method. The greatest correlation
with the standard method is observed for the sdvssed on the co-culture Bf angustaA.

adeninivoransandD. hanseniimmobilized in PVA modified byN-vinylpyrrolidone. It is



important to note that the correlation coefficitatthe data obtained by the standard method
and using a biosensor based on the developed tioesilvas higher than in most counterparts
described [4, 6], including the biosensor basethersingleD. hanseniistrain [10]. For all
biosensors the BOD values coincide with those obthby the standard method with account

for confidential intervals.

Fig.4ishere

Thus, the systematic approach to the formatiaartificial co-cultures of
microorganisms based on the similarity of theingloparameters and substrate specificity
differences enabled forming a co-culture with @alok range of oxidized substrates and stable for
over 20 days. The use of co-cultures of the ydastegusta, A. adeninivoraiasdD. hansenii
immobilized in PVA modified byN-vinylpyrrolidone made it possible to develop a BOD
biosensor of practical significance. The resulthdate a possibility of using the developed

biosensor analyzer as a prototype model of comaienstruments.
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Figure legends

Fig. 1. Determination of the amounts of viable cells ia to-cultures in the course of time by
inoculation onto dense nutrient media: (a) the witdce ofA. adeninivoranandP. angusta

VKM Y-1397; (b) the co-culture 0. oxydanandP. angustaY-2518; (c) the co-culture &.
adeninivoransP. angustaVKM Y-1397 andD. hansenii.

Fig. 2. A graduation dependence of biosensor responséOd Bor a biosensor based on the co-
cultures used.

Fig. 3. Substrate specificities of receptor elements baseitie co-cultures used.

Fig. 4. Correlation of the data obtained by the standagthod and using biosensors based on
the co-cultures of: (&. angustaA. adeninivorangndD. hanseniimmobilized in poly(vinyl
alcohol) modified byN-vinylpyrrolidone; (b)P. angustaandA. adeninivorangmmobilized in

poly(vinyl alcohol) modified byN-vinylpyrrolidone.



Table 1. Comparison of substrate specificitiegémeptor elements based on the strains studied.

Substrate D. A. adenini- | P. angusta| P. angusta| C. boidinii | G. oxydans
hansenii vorans Y-2518 Y-1397

Methanol +/— - + + + _
Ethanol + + + + + +
1-Propanol + + + + + T
2- Propanol +/- - + + +/— +/—
1-Butanol + + + + +/— +
2-Butanol +/- — + T n T
2-Methyl-2-propanol +/— - +/— +/— — _
3-Methyl-1-butanol + +/— - — — _
Glycerol +/- — +/— + n _
Glucose + + + + + +
Sucrose +/- + - +/— +/— _
Galactose + + +/— — +/— +
Lactose +/— + — — _ +/—
Xylose +/— — _ _ +/— +
Formaldehyde + - + + + _
Formic acid + - +/— +/— +/— -
Acetic acid + + +/— +/— +/— -
Glutamic acid +/— + +/— + +/— +/—
Aspartic acid +/— - - - + —
Tyrosine +/— +/- +/— +/— +/— +/—
Lysine +/— +/— - — _ +/—
Sodium DDS + +/— - — — —
Sodium DDBS +/- +/— - - — —

+ strong biosensor response (31-100% of thémah response)

+/— weak biosensor response (1-30% of the maxiesalonse)

— no biosensor response

Table 2. Microbial growth phases obtained basedpiital density measurements.



Strain Lag | Exponential Linear growthiGrowth retardatiol Stationary]  Specific cell
phase, h phase, h phase, h phase, h phase, h |culture growth rat

(W,
P. angustaVKM Y-1397 0-12 12-16 16-30 30-38 38-50 0.160
P. angustavKM Y-2518 0-8 8-10 10-12 12-22 22-50 0.312
A. adeninivoran®/KM Y-2677| 0-10 10-14 14-28 28-34 34-50 0.158
D. hansenivVKM Y-2482 0-18 18-24 24-26 26-30 30-50 0.259
C. boidiniiVKM Y-2356 0-10 10-18 18-32 32-38 38-50 0.043
G. oxydans/KM B-1280 0-8 8-10 10-16 16-24 24-50 0.333

Table 3. Characteristics of the yeast co-culturgedeBOD biosensor.

Microorganisms, the basis of the bioreceptor
Characteristics P. angusta,
P. angusta, 2
o= A. adeninivorans,
A. adeninivorans -
D. hansenii
Sensitivity coefficierft s*-10° 8+2 10+2
Range of determined BQMalues, mg/drh 2.2-42 2.4-80
Operational stabilifyy % 8.5 8.9
Long-time stability, days 19 17
Unit assay tim& min 4 3

a Slope of the linear segment in the dependencerafas response on the value of BOD



ACCEPTED MANUSCRIPT

P Relative standard deviation by 15 consecutive nreasents

¢ Time within which the value of biosensor respottsthe same concentration of GGA was no less tBan @f the

initial value, temperature 20°C

4 Duration of single measurement



(a ) O A.adeninivorans

P.angusta Y-1397

b 0 G. oxydans
W P.angusta Y-2518
4 |
31| .
M
I T

3
2, )
T T
22 4 2
[ [T
o 3]
2

o L] SIS BN N S B A n
0 T 14 21 28 35 42

. -
0 7 14 21 28 35 42
Time, days Time, days
4
. 01 A.adeninivorans
[ . (C) W Pangusta Y-1397
] I + 0O D. hansenii
3 | B
e
T
2 2 1 -
w
Q
1 4 I -
0 T T T T
0 7 14 21 28 35 42
Time, days

fig_1(4) .




0.020

0.018 -

0.016 -

0.014 -

0.012 -

0.010 -

0.008 -

0.006 -

3y
Sensor response, mgO,/dm™s

0.004 -

e Co-culture of P.angusta, A.adeninivorans and D.hansenii

0.002 v Co-culture of P.angusta and A.adeninivorans

0.000 - T T .

0 200 400 600
BOD,, mg/dm®

fig_2(4) .



O Co-culture of P angusta and A. adeninivorans

W Co-culture of P angusta, A. adeninivorans and D. hansenii

120

100

fig_3(4) .



ACCEPTED MANUSCRIPT

40000 40000
5 : 2
£ 35000 R2=0.9977 ( ) 2 25000 A R2= 0.9988 (b)
Q a -1
w w
k=4 =]
S 30000 = 30000
Q -t}
S =
> 25000 b > 25000
) )
] 80 =
£ 20000 £ 20000 | 80
o 60 ]
bt 3 60
g 15000 i £ 15000 |
o o’ 40 A
£ 10000 i £ 10000 |
z 20 3 20 -
£ £
g 5000 0 N g 5000 0 , . .
<] 0 20 40 60 80 [} 0 20 40 60 80
@ g ] "
0 10000 20000 30000 40000 0 10000 20000 30000 40000
BOD, mg/dm?, measured by the standard method BOD, mg/dm?, measured by the standard method

fig_4(4) .



