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ABSTRACT

Kinetics of phenol biodegradation using suspendiethbss of Comamonas testosteroni Pb50 (monocultuvas)
measured under conditions of nutrient abundanceitdition, and prolonged cell starvation in a fedtdfareactor,
with phenol being the sole carbon and energy soufte pre-washed cells were applied for measuremktiie
phenol and oxygen uptake rates at varied startihgnol concentrations with the kinetic parameterkuated
using the Haldane model. The results revealed tia&tient limitation significantly suppressed theximum value
of exogenous respiration rate while the endogemespiration rate, affinity and tolerance to pheriatreased. By
contrast, cell starvation resulted in a drop of lhdhe exogenous and endogenous respiration ratesbyrder of
magnitude.
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INTRODUCTION important for biodegradation of those substrates
that are toxic to biodegrading microorganisms

For biological treatment of water-soluble when present at high concentrations, e.g., phenol
pollutants, whether this process is carried out bgnd its derivatives (Contreras et al., 2008; Tomei
free suspended or immobilized cells, theand Anessini, 2008; Jahan et al., 2008). Small
knowledge of biokinetic parameters is essential fovariations of phenol concentration may result in

modeling, optimization, and assuring the requiregignificant changes in the process efficiency (Tsai
process efficiency (Lin and Cheng, 2007; Bhuni@nd Juang, 2006; Jiang et al., 2007; Singh et al.,
and Ghangrekar, 2008; Edalatmanesh et al., 2008)08). Several biokinetic models have been
El Naas et al., 2009; Kuscu and Sponza, 2009eveloped to account for substrate toxicity.

Saravana et al., 2009; Nicolella et al., 2009Among them, the Haldane model, which is based
Cokgor et al., 2009). This task is particularly
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on Equation (1), has been used in most of thpublished data, the aim of this study was to

studies (Haldane, 1930; Agarry et al., 2008): identify the effects of nutrition
limitation/abundance and cell starvation on both
Os = Osgmay (B/(Ks + S+ S?/K,) ) the exogenous (i.e., due to phenol oxidation) and
o endogenous respiration rates under inhibitory
Sk = (Ks K) 2 conditions caused by the presence of phenol.

Determination of these parameters under specific
where S (mg/L) is the actual phenol concentratiorgonditions of growth and nutrient limitation
Ks (mg/L) is the half-saturation constant for theallowed us to recognize physiological changes in
growth substrate (e.g., phenol), akd(mg/L) is the cell population resulting from impacts of the
the inhibition constant. The maximal value q@f above-mentioned factors.
can be determined by differentiating Eq. (1) with
respect tos; whendg/ds = Q, gs is the maximum
specific phenol degradation rate that can bMATERIALSAND METHODS
achieved and Sr is the critical phenol
concentration described by Eq. (2) separating thielicr oorganisms
regimes of phenol-limited growth and inhibition Comamonas testosteronPb50 was used for
by phenol. As for the physical significance of aerobic phenol degradation as a monoculture. This
these constants (beyond equatiois)reflects the strain was isolated from a biofilm developed on
microorganism’s affinity to phenok; measures a polyurethane foam particles of a packed bed
significantly  (two-fold) inhibiting substrate reactor after 4 months of continuous phenol
concentration (thus reflecting phenol toxicity). degradation (Paca Jr. et al., 2005). The strain was
The high popularity of Haldane model is due taable to utilize phenol, toluene, xylenes, styrene,
its’ sound physical basis and practicaland acetone as the sole carbon and energy sources.
applicability; this model proved to be the best in
fitting experimental data in a number of studiesM edium
(Watanabe, 1996; Kumar et al., 2005; Jiang et alCell  cultivations for the biodegradation
2007; Sahinkaya and Dilek, 2007; Jahan et alexperiments were carried out using the base
2008; Singhet et al., 2008; Agarry and Solomonsynthetic medium (BSM) containing 4.30 g/L
2008; Nicolella et al., 2009; El-Naas et al., 2009)K,HPQ,, 3.40 g/L KHPQ,, 2.00 g/L (NH),SO,,
However, the critical weakness of this and othe0.34 g/L MgC}x6H,0, 0.30 mg/L ZnS¢x7H,0,
models is that the parameters determined under tBel6 mg/L MnSQ@x7H,0, 0.15 mg/L
idealized conditions of a research laboratory magaSQx0.5H0, 0.10 mg/L FeSg7H,O, 0.10
not accurately represent the real physiologicaing/L CuSQx5H,0, 0.10 mg/L CoSgx7H,0,
status of a bacterial culture. Small changes i0.10 mg/L NaB;O,x10H,0, 0.10 mg/L
environmental or nutrition conditions, e.g., pH ofNaaMoO,x2H,O. Phenol was used as the sole
the medium or extent of cells’ adaptation tocarbon and energy source.
phenol, may significantly affect the bacterial
growth and phenol removal efficiency (ContrerasAppar atus, Conditions and Kinetic
et al., 2008). As a result, similar (sometimes, thé&leasurements
same) strains under seemingly similar condition8iodegradation experiments were carried out in a
may yield different values of kinetic constantsbench-scale bioreactor (B. Braun Biotech GmbH,
(Agarry et al., 2008). In particular, we postulateMelsungen, Germany) with a 1.5 L working
that Haldane parameters may change upon simpi®lume under aerobic conditions. pH and
biomass treatments, such as re-suspension temperature were constant (7.0 and 30 °C,
simple buffers upon centrifugation, especially ifrespectively) (Fig. 1). Temperature and pH control
this treatment is prolonged. were performed using the MFCS/win program
Thus, the present study is focused on theupplied with the bioreactor. The bioreactor filled
determination of kinetic parameters of aerobiavith the base mineral medium was sterilized at
phenol degradation by free suspended cells df21 °C for 45 min in an autoclave.

Comamonas testosteronPb50 under varied
growth/nutrition conditions. Unlike the other
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Figure 1 - Picture of the bioreactor.

In respiration experiments, the dissolved oxygems that of intracellular materials’ consumption
concentration changes were monitored using apon their biological oxidation.
polarographic @ probe (Mettler, Toledo, Spain). The biomass for respiration/biodegradation
Respirometric measurements were conducted inexperiments was obtained using a phenol fed-
closed device with a magnetically driven impellerbatch culture system as described previously
(with a working volume of 73 mL). The data were(Vojta et al., 2002). Experiments with mineral
transferred to a computer using a micro-DCU (Bnutrients present in abundance were carried out
Braun Biotech GmbH, Melsungen, Germany). Thaising the base mineral medium. Select
respiratory flask was completely filled with the experiments were conducted in distilled water
base mineral medium saturated with oxygen fronsupplemented with certain nutrients (e.qg.,
air and thermostated at 30 °C. Then, a celotassium phosphate for phosphorus and either
suspension in the same medium, with a controllegotassium nitrate or ammonium sulfate for
amount of biomass, was injected. The ensueditrogen) (1.0 g/L). In these experiments, prior to
constant rate (slope) of dropping the dissolvegreparing the cell suspension, the centrifugedcell
oxygen concentration was recorded as theere washed twice with distilled water
endogenous respiration rategc™. Then, a supplemented with the same salts as in the
. - ubsequent experiment, to eliminate the additional
controlled amount of phenol solution was injecte ffect of ionic strength (osmotic pressure) in
yielding a faster total respiration rat, , which  comparison to the growth medium. When mineral
was measured as a greater slope, within the lineadtrients were present in abundance, the base
range of the observed decline of oxygermineral medium was used for washing. Cell
concentration. starvation in select experiments was conducted for
The exogenous ) respiration rate was 16 h by placing t'he cell suspe;nsion in a salt
2 solution of a required composition on a rotary
calculated as a difference betweqﬁz‘d and o, shaker prior to the measurement.
according to Equation (3):
Analytical Methods
9 =9 +qend 3) The gravimetrically determi_ned cell dry weight
O G, = M0, concentration (¥%,) was applied for concentrated
basic cell suspension measurements. The samples
The exogenous respiration rate describes thgere centrifuged, washed twice with distilled
specific oxygen consumption rate for phenolyater and dried for 1 h at 70 °C and for 2.5 h at
oxidation whereas the endogenous respiration rates °C (Paca and Gregr, 1979). The basic cell
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suspension was used for the preparation of diluteeigure 1) by the method of random number non-
cell suspensions applied for spectrophotometriinear regression.

measurements of cell density. The biomass

concentration (X) at the start of the phenol

degradation and respiration experiments waRESUL TS AND DISCUSSION

measured photometrically as an optical density

(OD) at 500 nm (Specol 11; Carl Zeiss, JenaKinetic Parameters Obtained in the Base
Germany); then, X was computed from theGrowth Medium

following calibration equation: X = 0.452:OD - Figure 2a shows the concentration profile for

0.003 (g/L) with R = 0.999. Biomass phenol biodegradation observed in the growth
concentrations during the medium. The Haldane equation parameters
biodegradation/respiration experiments were in abtained are summarized in Table 1. They are
range of 0.20 — 0.22 g/L. comparable with the values reported in other

Phenol concentrations in the supernatant werstudies (Table 2). The wide variation of kinetic
determined using HPLC with a UV detectorconstants may be due to different strain
(Spectro monitor 3200 at 270 nm) and a columphysiology, age of the population at harvesting,
(Nucleosil 12-5 C18, 250 x 4 mm; Watrex, Czechtreatment conditions at preparing the cells for
Republic) operated under isocratic conditiongneasurements and different
(using the eluent mixture with the following environmental/nutrition conditions during the
component ratio: methanol-wategOy, 50: 49: 1  measurements. Figure 2b shows the exogenous
at a flow rate of 1.0 mL/min). The signal obtainedrespiration rates o€Eomamonas testosteroRb50

was evaluated by a Chromatography Station fogrown on phenol.

Windows, version 1.7 (CSW). The calculated kinetic parameters are provided in
Table 1, so they may be compared with those of
Obtaining the Kinetic Parameters phenol degradation. This comparison revealed a

The Haldane model kinetic parameters ohigher affinity and tolerance to phenol for the
Equations (1-2) were obtained from the data oexogenous respiration (characterizing the oxygen
phenol consumption using the analytical methodsonsumption coupled with phenol oxidation) than
described in the previous section. for the specific phenol degradation rate (i.e.,dow
The bulk of the biokinetic parameters werevalues ofK's vs. Ks and higher values df’; vs.
obtained using respiration kinetic measurements;). A slightly higher affinity to phenol for
Upon measuring the exogenous respiration rates gspiration compared to phenol consumption is
varied phenol concentrations, the parameters @fften observed and may be explained by higher
Haldane equation were obtained as given byubstrate affinity of phenol oxygenases
Equations (4-5): (dominating the respiration) than that of other
phenol-degrading enzymes (Contreras et al., 2008;
o, = Yo, (ma) (B/(K's+S+S?/K)) 4) Ellis et al., 2006)._ _ _ _ _
Comparing the kinetic constants obtained in this
. ‘ 12 work (Table 1) with the values reported by other
S = (Ks 1K) ©) authors in previous work (Table 2), it is evident
that our culture ofComamonas testosteroRib50
Effective affinity and toxicity parameters of has a similar affinity but much higher tolerance to
Equations (1-2) and (4-5K§ vs. Ksand K vs. K,  phenol thanPseudomonas putidéSeker et al.,
respectively and specific degradation/oxidation 1997). A comparison of our results with those
rates Osimay aNd Oo,gmay) Were then compared obtained with other microorganisms revealed a
low affinity but similar tolerance and a higher

and discussed, see Results and Discussion. exogenous respiration rate to phenol (Table 2)
The kinetic constants of the Haldane model wer~ 9 P P )

determined from experimental parameters (e.c

Braz. Arch. Biol. Technol. v.53 n. 6: pp. 1519-158®v/Dec 2010



Respirometry Kinetics of Phenol Oxidation Bgmamonas testosteroRb50 1523

ds(mmol/(g,, h)

dg, (mmol/(g,, th)

0 200 400 600
S (mg/L)

Figure 2 - Specific rate of phenol consumptics) @nd exogenous respiration rabg in the base
growth medium. Bars represent standard deviatiéss the phenol concentration
(mg/L).

The maximum exogenous respiration rateutrition conditions and the time elapsed between
observed in the base growth medium was highdghe cell harvesting and degradation/respiration
than the values reported by several otheexperiments) may also be among the primary
researchers as it follows from Table 2. Differenfactors causing these changes. The influence of
methods of measurement and/or mediunsuch potential stress factors was investigatetan t
composition may contribute to this difference.subsequent experiments.

However, the population physiology (e.g., the cell

/Qs

ex
O,

q

0+ T T
0 200 400 600
S (mg/L)

Figure 3 - Effect of phenol concentration on the ratio oftabolic quotients (respiration/phenol
consumption) in the growth medium.
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Effect of Phenal Inhibition on Cell Physiology medium and bacteria) was observed by Arvin et al.
For a more accurate description and physiologicgl991) for an immobilized unidentified mixed
interpretation of the inhibitory effect of phentile  culture.

ratio of metabolic quotients q(e):/qS was At higher (inhibiting) phenol concentrations, the

o " . )
evaluated at varied initial phenol concentratians i %o, / Gscoefficient — declined, Figure 3, thus

the base growth medium, i.e., with ample mineratlemonstrating that the exogenous respiration is
nutrients (Figure 3). more susceptible to inhibition by this toxic

At low phenol concentrations, this ratio increasedgubstrate than the phenol removal rate. Perhaps,
with phenol concentration, thus reflecting thethe presence of ample oxygen (accessible in the
increasing percentage of exogenous respiratioexperiments on phenol consumption conducted in

The values ofgq®/qg around the peak closely @ open reactor) decreased the physiological
? sensitivity of cells to phenol inhibition as it was

matched those that can be expected for a compl -
o oy . erI@ptdf karyot lIs (P t al., 2002).
phenol oxidation. A similar behavior (though orted for eukaryotic cells (Paca et a )

yielding lower numerical values due to a different

Table 1 — Kinetic parameters obtained in the base mediwem, when all nutrients in the growth medium were
present in ample amounts.

Oy (MMOligy/h) GG (mmol/gs/h) S5 S, *(mgll) Kg: Kg(mgi) K5 K| (mg/L)

Js 25%0.2 128.1 +3.3 88.4+4.3 131+3

q02 29.6 £0.9 21+0.3 975+1.1 585+2.6 324 +5
& Calculated using Equations 2 and 5.

Table 2 — Haldane kinetic parameters for exogenous pheindiegradation obtained in other studies.

O, (mmol/gg,/h

Reference Organism ) K'S (mg/L) Ki' (mg/L)
Kumar et al., 2008 various 1-9 2.4-92 100-860
Kumar et al., 2005 various 1-5 0.015-54 100-934
Seker et al., 1997 Pseudomonas putida 11 75.9 99.4
Yap et al., 1999 Comamonas testosteroni ~ 1.1-2.3 22.6 1910°
Wang and Loh, 1999 Pseudomonas putida 8 6.93 2040 (28473
Arutchelvan et al., 2006 Bacillus brevis 0.30-6.5 8.5-82 868-2435

2 Including the review of the then-up-to-date litera.
® Mutant strain.
¢ Value obtained from growth kinetics.

However, this effect gradually declined and finallykinetics in closed reactors is directly applicable
leveled off at higher phenol concentrations (almosbnly to substrate overload conditions in open batch

no further decrease of thcﬁ](‘?jz‘/qS ratio was reactors). However, thqgjl gsratios obtained in

observed above 200 mg of phenol/L). Note thathat study (remarkably similar for varied
based on the entire concentration profile shown ioperational conditions, e.g., pH), were integral,
Figure 2, the q2/qgsratio is nearly constant i.e., averaged for all phenol concentrations (thus,

ithi id ¢ phenol trati reflecting the overall oxygen/phenol metabolic
within 'a ‘wide rangé ot phenol concentra Ior'St:oefficient). Our observations show that

except for the narrow near-peak area. Thu?‘neasuring thalifferential ratios (i.e., specific for

resplrometry-based "a'“‘?s are .qual'ltatl'velyeach phenol concentration) yields an additional
representative for phenol biodegradation k'net'cs'advantage of characterizing the cells’ optimum

Contrergs et a!. (2.008) came up with a SImII""E)hysiological state near the optimum phenol
conclusion (noting its limitation that respirometry ., ~antration
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Respiration Kinetics under Mineral Nutrient  kinetic parameters according to Equations (4) and
Limitation (5) are listed in Table 3. The kinetic analysis
This part of the study was focused on the effect alevealed that nutrient limitation significantly
main mineral macronutrients on the respiratiordecreased the exogenous respiration rate but
kinetics. The following ions have been selectedincreased the cell affinity to phenol (i.e., lowey)
phosphate, ammonia and nitrate (either aand the cell tolerance to phenol (higher) Kas
individual nutrients or in combinations). Theimplied by the physical significance of these
results are shown in Figure 4 and the calculateparameters in Equations 1 and 4.

(mmol (g, th)

ex
Yo,

0 200 400 600
S (mg/L)

Figure 4 - Exogenous respiration rates under nutritiontition. The mineral nutrients present in
the aqueous medium are shown in the legend.

o- PO + NH; ;e- PO) + NO;;A- NH; ;m- PO} ;0- NO;

Endogenous Respiration under Nutrient rate indicate that this parameter appears to be
Limitation sensitive to external stresses and may serve as an
From Tables 1 and 3 it can be seen that thedicator of the population’'s physiological
endogenous respiration rate increased significantlyonditions.

(nearly two-fold) under conditions of mineral Under conditions of a nutrition stress, the maximal
nutrient limitation in comparison to the baserates of exogenous respiration became virtually
growth medium. This was expected because whegual to those of endogenous respiration (Table 3).
the cells are deprived of an external nutrient undeThis is consistent with the fact that cell growth
aerobic conditions, the endogenous metabolisifand, thus, the growth-coupled substrate/oxygen

rate (characterized by qgnd increases to consumption rate) is severely limited by the
g availability of mineral nutrients rather than the

compensate for the I_ack of ex_ternal carbon SOUrC&y ternal carbon source. By contrast, when, at,least
due to the catabolism of intracellular reservg " - \onia and phosphorus :are pr’ese’nt in
compounds (Dawes and Ribbons, 1962, Va ufficient amounts (thus, enabling some minimum

Loosdrecht et al., 1997; Van Loosdrecht an : - - -
: ’ ) rotein/nucleic acid synthesis), the exogenous
Henze, 1999). Orupold et al. (2001) determine espiration rate increases in comparison with the

end

0o, = 0.08 — 0.38 mmol per g of suspendedndogenous rate (see the first line of Table 3).

solids per h for activated sludge. Dietrich andNote that the inhibition of respiration by excess

Burris (1967) foBacillus cereusound q(e)nd -76 phenol virtually vanis’he_s under nutrient-limited
A growth (the values oK’; increase by an order of

mmol/g/L. The values observed in this study, 2.1 magnitude), thus indicating that the uptake of this

4.3 mmol/g,/h, are within this range. Rather largetoxic substrate into cells (actually causing tayici

variations of the reported endogenous respiratiogsg declines.
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Under similar conditions (growth limitation by changes in the oxygen uptake appear to be a more

nitrogen), a drop of the ratiog®/qs was sensitive indicator of the cells’ physiologicaltst
2

observed by Burleigh and Dawes (1967) forthan changes in phenol consumption.

Sarcina lutea This observation shows that

Table 3 — Respiration kinetic parameters of the Haldandehander nutrient limitation.

ex end ! ' '
Nutrient qoz(max) qoz Scr KS Ki
(mmol/gy,/h) (mmol/gy,/h) (mg/L) (mg/L) (mg/L)

Pd4_ + NH: 12.0+£0.5 4.3+0.6 41.8+0.1 59101 625 £ 15
PO43_ + NOs_ 46+0.2 41+04 114+0.1 0.6+£0.1 1423 + 26
NHZ 46+0.2 39+04 15.0+0.1 05+0.1 1184 + 36
PO43_ 3.3+0.2 3.0+04 26.6+0.2 04+0.1 498 + 23
NO; 29+0.1 29+04 134+0.1 0.2+0.1 1058 + 45

Table 4 — Respiration kinetic parameters of the Haldaneehof a starved population under nutrient liniigat

ex end ' '
Nutrient qoz(max) qoz Scr KS Ki
(mmol/gy,/h) (mmol/gy,/h) (mglL) (mg/L) (mg/L)
PO43_ + NH;r 0.91£0.03 0.30+£0.11 39.17 £ 2.53 1.36 £ 0.06 9411 22
PO43_ + NO; 0.59 + 0.02 0.28+0.16 7.16 +0.47 0.13+0.02 385

Effect of Cell Starvation on Phenol Respiration NH; and PO} + NO,. The exogenous
Kinetics

The physiology of washed resting cells can b
influenced not only by the treatment itself butoals
by the length of such a treatment. For this reaso
a test of the effect of long-term starvation (16 h

was carried out in the media containirﬁ%pf’ +

respiration concentration profiles are shown in
T:igure 5 and the Kkinetic parameters obtained
éincluding endogenous rates) are provided in Table

08 [fo ©©

0.6

(mmol/(g4, Ch)
o
N

ex
ag;
o
N

0 200 400 600
S (mg/L)

Figure 5 - Exogenous respiration rates of a 16-h starveuliation under nutrition limitation. The
mineral nutrients present in the aqueous mediunstaoen in the legend.

o- PO + NH;;e- PO + NO;
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