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1986). The oxidation of NH3 to NO�
2 is a two-step process. The

first step of NH3 oxidation to hydroxylamine (NH2OH) is

catalyzed by AMO, while the second oxidation step to NO�
2 is

catalyzed by hydroxylamine oxidoreductase (HAO) (Arp et al.,

2002). AMO is a non-specific enzyme with a wide substrate

range capable of co-metabolic oxidation of aliphatic (Rasche

et al., 1990) and aromatic hydrocarbons (Keener and Arp,

1993, 1994). Phenol, the compound of interest in this study is

oxidized to hydroquinone (Hyman et al., 1985; Keener andArp,

1994).

Phenol was chosen for this investigation as a model aro-

matic compound that is co-metabolized by N. europaea and is

often present in industrial wastewaters that may also contain

high ammonia concentrations and undergo biological treat-

ment. Additionally, exposure to phenol has been studied in

both biofilms and suspended cells of N. europaea, resulting in

the observation that ammonia oxidation in the biofilms was

less inhibited than suspended cells (Lauchnor et al., 2011). The

oxidation by AMO of co-metabolic substrates inhibits NH3

oxidation by competing for the enzyme active site or inhibit-

ing electron flow and causing cellular energy drain (Ely et al.,

1997).

The biofilm phenotype has been implicated in resistance to

many bacterial inhibitors, including antibiotics (Anderson and

O’Toole, 2008; Costerton et al., 1999). A large body of biofilm

research has focused on determining mechanisms of biofilm

resistance, which some previous studies suggest may be due

simply to stationary phase growth. Stationary phase or slow

growthofbacteriahasbeen linkedto resistance toantimicrobial

agents in other bacterial species and is thought to be a factor in

biofilm resistance (Mah and O’Toole, 2001; Spoering and Lewis,

2001). Additionally, antimicrobial agents havebeen shown to be

less effective on eradication of slow growing or stationary cells

(Borriello et al., 2004). In biofilms, cells often have slower

metabolism due to nutrient or O2 limitations, which has also

been observed in N. europaea biofilms (Lauchnor et al., 2011).

N. europaea has been examined under different growth

states to study inhibition of NH3 oxidation (Chandran and

Love, 2008; Radniecki et al., 2009). A study of N. europaea bio-

films reported that established biofilms were less inhibited by

the nitrification inhibitor nitrapyrin and exhibited reduced

growth rates compared to suspended cells (Powell and

Prosser, 1992). Additionally, exponential cells of N. europaea

exhibited greater inhibition of NH3 oxidationwhen exposed to

nitrapyrin compared to stationary-phase cultures (Powell and

Prosser, 1986). A study of cadmium inhibition of N. europaea,

based on O2 uptake rates, demonstrated that cells in station-

ary phase were less inhibited over time than during expo-

nential growth (Chandran and Love, 2008). In our previous

work, pure culture biofilms of N. europaea were less inhibited

than suspended cells during phenol exposure, with about

60 mM causing a 50% reduction of NH3 oxidation in biofilms

compared to 99% inhibition in suspended cells (Lauchnor

et al., 2011). These observations with N. europaea led us to

investigate the effect of growth state and NH3 oxidation rates

of the cells on NH3 inhibition by phenol. This study aimed to

determine whether reduced NH3 oxidation activity or strictly

biofilm phenotype was responsible for previously observed

resistance of N. europaea biofilms to the nitritation inhibitor,

phenol.
Microsensor profiles have been used to study rates of

substrate consumption in nitrifying biofilms (Gieseke and

deBeer, 2004) as well as changes in NH3 and O2 uptake

during exposure to inhibitory compounds (Li and Bishop,

2002; Satoh et al., 2005). A study by Satoh et al. showed that

2-chlorophenol inhibited nitrification and O2 uptake in a bio-

film, although the deeper layers were still active due to limited

penetration of the inhibitor (Satoh et al., 2005). In our work,

microelectrodes were used to evaluate inhibition of biofilms

via changes in oxygen uptake rates, which were compared to

similar rate data from suspended cultures.

This study compared phenol inhibition of N. europaea

grown under different conditions including batch culture,

chemostats, fill-and-draw reactors and biofilms, to determine

if inhibition was a function of the rate of ammonia oxidation

instead of biofilm phenotype. The activities of the cells from

the different reactors were evaluated by measuring O2 uptake

rates with and without exposure to phenol. This investigation

contributes to the understanding of nitrifying biofilms by

determining why biofilms of N. europaea appear to be less

inhibited than batch grown cells by the AMO inhibitor, phenol.
2. Materials and methods

2.1. N. europaea cell growth in batch reactors

Batch cultures of N. europaea (ATCC, 19718) were grown for

batch inhibition tests by inoculating frozen stocks into 4L

flasks containing 2L medium and shaking for 3 days at 150

RPM and 30 �C. The batch grown cells were also used to

inoculate biofilm and suspended growth reactors. AOB

medium consisted of: 25 mM (NH4)2SO4, 3.77 mM Na2CO3,

40 mM KH2PO4, 730 mM MgSO4, 200 mM CaCl2, 9.9 mM FeSO4,

16.5 mM EDTA free acid, and 0.65 mM CuSO4.

The rate of ammonia oxidation by batch cultivated cells

was measured by a short-term 30 min rate experiment where

NO�
2 concentration was measured every five minutes and the

rate of accumulation was calculated. Cells were harvested

during exponential growth in batch reactors for phenol

inhibition experiments.

2.2. Cell growth in fill-and-draw reactors

Suspended cells of N. europaea were cultured in fill-and-draw

reactors where volumes of the liquid cultures were replaced

by fresh medium daily to mimic continuous flow conditions

and create long cell residence times. In the fill-and-draw re-

actors, HEPES medium was used, consisting of AOB medium

(50 mM NH3) with 20 mM HEPES buffer (pH 7.8) and 10 mM

KH2PO4 in lieu of 40 mM KH2PO4 buffer. Reactors consisted of

500 mL Erlenmeyer flasks with 200 mL of HEPES medium

inoculated with N. europaea and placed on a rotating shaker

table at 150 RPM and 30 �C. The reactors were sealed with

foam plugs and covered with foil to allow air exchange and

maintain sterility. Cells and medium from each flask were

removed daily and aseptically replaced with fresh HEPES

medium at volumes to achieve desired dilution rates. The pH

was adjusted daily to 7.8. Triplicate reactors were maintained

at each of four different dilution rates of 0.01, 0.02, 0.05, and



0.2 d�1, which corresponded to hydraulic and cell residence

times of 100, 50, 20 and 5 d, respectively. Biomass protein

concentration, NO�
2 accumulation and pH were monitored in

the flasks. For phenol exposure experiments and oxygen up-

take measurements, cells in liquid media were aseptically

removed from the flasks and placed into sterile 150mL bottles.

The fill-and-draw reactors were maintained for 45 days

while monitoring NO�
2 production and cell growth. The con-

centrations of NO�
2 and protein achieved pseudo-steady-state

in triplicate reactors for all dilution rates. The activity of the

cells was calculated by dividing NO�
2 concentration by the

biomass protein concentration and dilution rate of the reactor.

2.3. Cell growth in chemostat reactors

Chemostats were maintained at dilution rates of 0.14 and

0.03 d�1 to evaluate phenol inhibition and to comparewith the

results of fill-and-draw reactors. N. europaea was cultivated at

30 �C in continuous fed Bioflow 110 bioreactors (New Bruns-

wick Scientific, Edison, NJ) with HEPES medium. For phenol

inhibition experiments and specific oxygen uptake rate

(SOUR) measurements, cells were harvested as completely

mixed liquid samples that were transferred aseptically from a

port in the vessel directly into sample vials. NO�
2 production

was measured and normalized to biomass concentration by

dividing the NO�
2 concentration in the chemostat by the

dilution rate and normalizing to protein concentration.

2.4. SOUR inhibition tests

Suspended cells exposed to 0 (control) or 20 mM phenol were

subsequently evaluated using SOUR tests. SOURs were per-

formed to evaluate the rate of oxygen consumption by

N. europaea before and during phenol exposure. The SOUR

assay provides immediate rate measurements of O2 con-

sumption that can be converted to NH3 oxidation or NO�
2

production rates based on the following stoichiometry:

NH3 þ 1.5O2 / NO�
2 (Radniecki et al., 2008). Samples (50 mL)

from the batch, chemostat, and fill-and-draw reactors were

placed in 125 mL Erlenmeyer flasks, adjusted to 7.8 and

supplemented with 2.5 mM (NH4)2SO4. Samples were then

incubated with either 0 mM or 20 mM phenol while shaking at

150 RPM and 30 �C for 60 min prior to obtaining samples for

SOUR measurements.

SOUR measurements were taken with a Clark-type oxygen

electrode (Yellow Springs Instrument, Inc.) in a water-

jacketed cell at 30 �C (Gilson Medical Instruments, Inc.). O2

concentration in the cell was measured over time to deter-

mine rates of uptake, which were compared for the control

and phenol-treated samples. The cell contained 1.8 mL liquid

sample and a stir bar for mixing. For the AMO-SOUR mea-

surement, 2.5 mM (NH4)2SO4 was added to provide an excess

of substrate. To halt AMO activity 100 mM allylthiourea was

added and the AMO-independent O2 uptake, or HAO-SOUR,

was measured by adding 750 mM NH2OH as alternative sub-

strate for the HAO enzyme. This measurement helps to

determine if O2 uptake is reduced due to inhibition that is

independent of AMO activity. The percent inhibition was

determined by dividing the AMO-SOUR of phenol exposed

cells by that of the control cells for each reactor.
2.5. Biofilm growth and inhibition tests

For a comparison between attached and suspended growth

states, biofilms were exposed to phenol and NO�
2 production

was monitored to determine extent of inhibition. Biofilms of

N. europaea were cultivated in a Drip Flow Biofilm Reactor

(DFR) fed with HEPES medium for 4e6 weeks and inhibition

experiments were performed on mature biofilms according

to methods developed previously (Lauchnor et al., 2011). In

brief, during phenol exposure experiments, phenol was

added via a syringe pump to the influent media of two DFR

channels for a period of 3 h, with the other two DFR channels

serving as controls. Effluent samples were taken from the

DFR during phenol exposure to monitor NO�
2 production and

concentrations of phenol and its oxidation products. The

rates of NO�
2 production were calculated by multiplying the

effluent NO�
2 concentrations by the liquid flow rates in the

DFR channels.

Most phenol exposure studies were performed under at-

mospheric oxygen conditions. In several of the tests however,

the oxygen concentration in the DFR headspace was elevated

to reduce O2 limitation in N. europaea biofilms. Biofilms were

grown tomaturity under atmospheric oxygen conditions. One

hour prior to the phenol addition, O2 gas was added at

1 L min�1 to the headspace of the DFR channels through

0.45 mm syringe filters. Phenol inhibition tests were then per-

formed under the elevated O2 conditions to evaluate the effect

of higher O2 and increased rates. To maintain high O2 condi-

tions, the headspace was fed with O2 gas for 2 min every

30 min until the end of the inhibition experiment.

2.6. Microsensor profiles

Dissolved oxygen (DO) microsensor measurements were per-

formed to determine the rate of DO uptake in the biofilms.

Clark-type oxygen microsensors (Unisense, Denmark) were

used for measuring depth profiles of DO concentration in the

biofilms. The biofilm samples were cultivated in the DFR

identically to those used in the inhibition tests described

above. The biofilms on glass slides were then removed from

the DFR and placed into a flow cell connected to a recirculating

water bath with 5 L of liquid medium containing 2.5 mM

(NH4)2SO4 and 10 mM HEPES buffer (pH 7.8) kept at a 25 �C.
Microsensor measurements were made using a micromanip-

ulator as described previously (Lauchnor et al., 2011). Control

profiles of DO in the presence of NH4 were initially performed

in triplicate. Phenol was then added to the medium with two

sequential additions to achieve 40 mM and 80 mMphenol. After

each addition of phenol, the recirculating systemwas allowed

to equilibrate for 2 h prior to microsensor measurements.

Triplicate DO profiles were taken to verify that profiles were

not changing over time and the steady-state oxygen uptake

was determined. The bulk fluid phase in the measuring

chamber had a constant atmospheric concentration of DO

(257 mM at 25 �C), which differed from the DFR where the thin

film flow allowed for more O2 transfer from the headspace.

The areal O2 fluxes in the biofilmswere calculated from the

microsensor profile data according to the diffusion-reaction

equation at steady-state, which was approximated by the

following difference equation (Gieseke and deBeer, 2004):
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Fig. 1 e Comparison of nitrite production rates and SOURs

of suspended cell reactors. Rates of batch reactors (B),

chemostats (>) and fill-and-draw reactors (C). Error bars

represent standard deviation of triplicate reactors for batch

and fill-and-draw, and triplicate samples taken from

chemostats.
where J is flux in mmol cm-2 s�1, Deff is the diffusion coeffi-

cient, ca and cb are measured DO concentrations, and Dx is the

depth interval between ca and cb. The reduction in O2 flux

upon exposure of the biofilms to phenol was calculated by

dividing the O2 flux into the phenol exposed biofilms by the

flux into the same biofilm prior to phenol exposure. Since the

calculation of inhibition is reduced to the ratio of concentra-

tion gradients of phenol exposed and non-exposed biofilms at

the biofilm surface, determination of Deff is not required.

2.7. Analytical methods

NO�
2 accumulation in liquidmediawas used to determine rates

of NH3 oxidation. NO�
2 was measured using a colorimetric

assay (Hageman and Hucklesby, 1971), which was quantified

by spectrophotometric analysis at a wavelength of 540 nm.

Phenol concentrations were measured by high performance

liquid chromatography (HPLC), according to methods reported

elsewhere (Radniecki et al., 2008). Biomass protein concentra-

tionswere determined using amicrobiuret assay after a 30min

cell digestion in 3M NaOH at 65 �C. Optical density at 600 nm

was used with suspended cultures as a surrogate measure-

ment for the biuret assay, and a standard curve was used for

conversion to biomass protein concentration.
3. Results

3.1. Suspended cell cultivation

3.1.1. Fill-and-draw reactors
The fill-and draw reactors reached a pseudo-steady-state of

protein normalized NO�
2 production after 25 days of operation.

At this time, the NO�
2 production rates showed an increasing

trend with increasing dilution rates of the reactors (Table 1).

The steady-state NO�
2 concentrations were 40e45 mM for all

reactors, and protein concentrations ranged from 2.5 to

4.5 mg L�1. Control SOUR measurements with cells harvested

from the fill-and-draw reactors were compared to NO�
2 pro-

duction rates taken during growth of the cells in the reactors

and a positive correlation was observed between the rates

(Fig. 1). To provide a comparison to exponentially growing

cells, SOURs and NO�
2 production rates for cells harvested

from the batch reactors are included in Table 1.
Table 1 e Activity and culture conditions of continuous and ba

Growth reactor Dilution rate OD600

d�1 mm

Batch 0.070

Fill-and-draw reactors 0.01 0.030

0.02 0.031

0.05 0.038

0.2 0.053

Chemostats 0.03 0.073

0.14 0.072
3.1.2. Chemostats
Control SOURs of cells harvested from the chemostats with no

phenol exposure fell along the same trend with the NO�
2

production rates observed with cells from the fill-and-draw

reactors (Fig. 1). There was a positive correlation between

NO�
2 production and SOURs, although the SOURs were higher

than NO�
2 production rates and deviated more at lower dilu-

tion rates (Fig. 1). The cells at the slowest dilution rates were

the most substrate limited and their activity increased in

response to the addition of NH3 during the SOUR tests. The

SOURmeasurements were performedwith added substrate at

the onset of the test, which allowed for measurement of the

maximum rate of NH3 turnover for the cells. The SOUR assay

was representative of the AMO activity in the harvested cells,

and the SOURs were therefore used for inhibition compari-

sons. SOURs were also found to be the most sensitive mea-

surement to growth phase and inhibition response by others

studying N. europaea exposure to cadmium (Chandran and

Love, 2008).

During continuous culture of N. europaea, it is possible that

the active fraction of cells in the chemostats and pseudo-

chemostats was lower than the total biomass concentration
tch reactors prior to phenol exposure.

NO�
2 production Control SOURs

ol NO�
2 mg protein�1 h�1 mmol O2 mg protein�1 h�1

0.16 0.176

0.007 0.041

0.014 0.061

0.030 0.070

0.068 0.131

0.009 0.052

0.045 0.097



measured in the reactors. Here, the total proteinwasmeasured

by correlating OD600 measurements to a standard curve with

the microbiuret protein assay and the fraction of protein

comprising active cells was not determined. Therefore, lower

measurements of SOURs and NO�
2 production rates in the

continuous reactors could indicate reduced activity in all of the

biomass measured, or a reduced fraction of active biomass.
3.2. Suspended cell exposure to phenol

AMO-SOURmeasurementswith cells harvested after 45 days of

fill-and-draw reactor operation showed that oxygen consump-

tion rates of control cells (no phenol) were positively correlated

with the dilution rates in the reactors (Fig. 2A). The rates for the

chemostat-grown cells and fill-and-draw cells fell along the

same linear trend between dilution rate and SOUR measure-

ment, indicating that the fill-and-draw reactors were suffi-

ciently accurate approximations of continuously fed reactors.

When suspended cells were exposed to 20 mM phenol,

AMO-SOURs decreased to the same level for all the
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Fig. 2 e Oxygen uptake rates and percent inhibition of

chemostat and fill-and-draw cells. A) Cells from fill-and-

draw reactors (triangles) and chemostats (circles) exposed

to 0 mM phenol (open symbols) and 20 mM phenol (closed

symbols). B) Inhibition of fill-and-draw cells (:) and

chemostat cells (6) determined by ratio of phenol and

control SOURs. Percent inhibition [ (1 L (SOURphenol)/

(SOURcontrol))*100%. Error bars represent standard

deviations of biological triplicates.
chemostats and fill-and-draw reactors, within the standard

deviations of the measurements (Fig. 2A). Therefore, upon

exposure to the same phenol concentration of 20 mM, cells

grown at higher dilution rates experienced greater reduction

in SOUR activity. HAO-SOURs did not change between the

control and phenol treated samples (data not shown); only the

AMO-SOURs were inhibited, which supports previous evi-

dence that phenol inhibition is specific to the AMO enzyme

(Radniecki et al., 2008).

The results of the AMO-SOUR measurements indicate that

the extent of inhibition due to phenol exposure was positively

correlated to dilution rates, and therefore bacterial growth

rates, in the chemostat and fill-and-draw reactors (Fig. 2B).

The percent inhibition of SOURs upon 20 mM phenol

exposure in batch, chemostat and fill-and-draw grown cells

were compared to protein normalized NO�
2 production rates

(Fig. 3). NO�
2 production rateswere used as themeasure of NH3

oxidation activity instead of SOURs in order to compare

results to biofilm experiments. Regardless of the type of

suspended cell growth reactor (batch, fill-and-draw or che-

mostat), the degree of inhibition of suspended cells positively

correlated with increasing rates of NO�
2 production.

3.3. Biofilm exposure to phenol and comparison to
suspended cells

When the biofilms were exposed to 18 � 1 mM phenol in the

DFR for 2 h, 26% inhibitionwas observed (Fig. 3). The change in

NO�
2 production was used to determine percent inhibition

because it was not feasible to measure the inhibition via

SOURs in the DFR biofilms. The biofilm results are similar to

results presented in our previous study on N. europaea biofilm

exposure to phenol and toluene (Lauchnor et al., 2011). The

previous study showed that biofilm cells weremore tolerant to

phenol than batch cells, as is shown in Fig. 3 where batch cells

exhibited 77% inhibition compared to 26% inhibition in
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Fig. 3 e Percent inhibition of NH3 oxidation during

exposure to 20 mM phenol under different culture

conditions of N. europaea. Inhibition of batch cells (B), fill-

and-draw cells (:), chemostat cells (D), biofilm-grown cells

suspended into liquid (C) and biofilms (,). Error bars

represent standard deviation of triplicates for suspended

cell data and range of duplicate for biofilms. Data for

biofilm cells suspended in liquid were taken from

(Lauchnor et al., 2011).



Fig. 4 e DO microsensor profiles of biofilms exposed to

0 mM (-), 40 mM (B), and 80 mM phenol (C). The biofilm

surface was located at a depth of 0 mm. Error bars represent

standard deviations of triplicate profiles.
biofilms. However, cells from the fill-and-draw reactors at the

slowest dilution rate that had a similar NO�
2 production rate as

the biofilm were only 28% inhibited, which was not statisti-

cally different than the biofilms. The results of these inhibi-

tion comparisons at 20 mM phenol demonstrate that with

decreasing NH3 oxidation activity in continuous cultures,

suspended cells of N. europaea may potentially become as

tolerant to phenol as biofilm cells.

The phenol inhibition in the suspended cells was

compared with our previous results (Lauchnor et al., 2011) of

phenol inhibition in biofilm cells that were scraped from the

biofilm support, suspended in fresh liquid medium and

exposed to phenol (Fig. 3). The activity of the biofilm cells

increased to 50% of the batch rates upon dispersing them into

fresh medium. The inhibition was equal to that of the batch

cells and significantly increased from the percent inhibition

observed in the intact biofilms. This comparison indicates that

the lower nitrification activity in the biofilms due to substrate

limitations was likely responsible for the lower inhibition that

was observed.
3.4. Microsensor profiles of biofilms

DO profiles measured in biofilms in the presence of

5 mmol L�1 NH4eN at pH 7.8 are shown in Fig. 4. With no
Table 2 e Comparison of inhibition between biofilms and batc

NO�
2 produc

Batch reactor

Biofilm e suspended into liquid (Lauchnor et al., 2011)

Biofilm e DFR

Biofilm e microsensor chamber model

a Estimated from model simulation (Lauchnor, 2011).
phenol added, the uninhibited profiles showed that DO is

consumed in the biofilms and reaches negligible concentra-

tions before reaching a depth of 200 mm. The fact that oxygen

was depleted to essentially zero inside the biofilms with

no phenol exposure also indicates that O2 was the limiting

substrate for the cells.

Upon addition of both 40 and 80 mM phenol, the O2 con-

centration increased in the biofilm as NH3 oxidation was

reduced due to inhibition (Fig. 4). The O2 profiles taken during

phenol exposure demonstrate an increase in O2 concentration

inside the biofilm due to inhibition of NH3 oxidation. The

percent reduction of O2 flux into the biofilmwas only 17% and

19% for 40 mM and 80 mM phenol exposure, respectively. In the

DFR, exposure to similar phenol concentrations of 36 mM and

69 mMphenol resulted in 37% and 63% inhibition, respectively,

based on decreases in NO�
2 production (Table 2).

3.5. Phenol inhibition of biofilms vs. oxygen

Based on the microsensor measurements, which demon-

strated that O2 was limiting in N. europaea biofilms, additional

O2 was supplied in the DFR headspace to increase NH3

oxidation rates. This permitted evaluation of phenol inhibi-

tion at two different rates of NH3 oxidation in the biofilms. For

these tests, the biofilms ofN. europaea in theDFRwere exposed

to 50 mM phenol first under atmospheric conditions and sub-

sequently under pure oxygen headspace to achieve a higher

nitrification rate comparison. The atmospheric inhibition test

was performed on the biofilms and then a recovery period of

two days was allowed before the second 50 mM phenol inhi-

bition test was performed. The control NO�
2 production rates

during the initial atmospheric test were on average

0.023 mmol NO�
2 h�1 per biofilm channel (Fig. 5). After the

initial test (1e4 h), NO�
2 production rates of phenol exposed

biofilms recovered to 97% of the control rates between 5 and

50 h, demonstrating essentially complete recovery of the

treated biofilms between exposures. After the addition of pure

O2 gas into the DFR headspace at 52.5 h, the rates of NO�
2

production showed a 56% increase from atmospheric head-

space conditions to an average of 0.038 mmol NO�
2 h�1 per

channel.

Under the atmospheric headspace conditions, NO�
2 pro-

duction in the biofilms decreased to 0.009mmol NO�
2 h�1 upon

50 mM phenol exposure, or by 61% (Fig. 5). In the high O2 test,

NO�
2 production was inhibited 85% compared to rates prior to

the inhibition test. The phenol inhibition of 85% in the bio-

films under elevated O2 concentration was greater than the
h cells exposed to high phenol concentrations.

tion mmol mg protein�1 h�1 Phenol mM Inhibition %

0.116 40 98%

0.066 82 97%

0.018 36 37%

0.011 69 63%

0.0015a 40 17%

80 19%
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Fig. 5 e Nitrite production by N. europaea biofilms in DFR during phenol exposure under different O2 conditions.

Phenol exposure under atmospheric O2 (1 he4 h) and pure O2 headspace (53 he57 h)), during addition of 0 mM phenol (B)

and 50 mM phenol (C). Arrow denotes beginning of O2 gas addition to headspace. Error bars represent range of duplicate

biofilms.
inhibition observed under atmospheric conditions. This result

is consistent with the relationship in suspended cells where

increased NO�
2 production rates correlated with increased

percent inhibition. The experimental conditions of using the

same biofilms for subsequent testing under elevated O2 con-

ditions allowed for direct comparison of results without

variation in biofilm age, thickness or activity. The fast

response of the cells to higher oxygen concentration in the

headspace suggests that under these conditions, O2 limita-

tions control the NH3 oxidation kinetics of the biofilms. The

results showed increased inhibition with increased activity

that was consistent with the observations of biofilm grown

cells dispersed inmedia, whichweremore inhibited by phenol

than when present in an intact biofilm (Fig. 3). The biofilm

inhibition results with elevated O2 confirmed that with

attached cells as well as suspended cells, increasing the NH3

oxidation rates resulted in increased inhibition.
4. Discussion

4.1. Growth rate dependence of phenol inhibition in
suspended cells

In this study, phenol inhibition increased with increasing

dilution rate in suspended cultures of N. europaea (Figs. 2B and

3). In these liquid cultures, the supply of NH3 and other nu-

trients is limited by the dilution rate; therefore the cells that

experience a slower addition of fresh nutrients behave similar

to a stationary state of growth. These results indicate that

harvesting cells at different stages of growth would affect the

degree of inhibition observed.

Co-metabolic oxidation of alternative substrates by AMO

may compete with NH3 oxidation and potentially consume

available reductant in the cell. Previous studies of N. europaea

have shown that phenol is co-metabolically oxidized to hy-

droquinone by AMO (Hyman et al., 1985). However, the rate

of phenol oxidation was at least two orders of magnitude

lower than NH3 oxidation. The oxidation of phenol therefore
would not be expected to significantly deplete the reductant

supply in the cell as the electrons consumed by phenol will

be a small fraction of those generated. However, the inhibi-

tion of a co-metabolic substrate such as phenol may disrupt

the flow of reductant in the cell by inhibiting AMO oxidation

of NH3 and therefore cause energy drain (Ely et al., 1997).

These inhibitory actions may have more effect on cells that

are more rapidly oxidizing NH3 and have greater AMO turn-

over and flow of reductant, such as during exponential phase

growth.
4.2. Influence of activity on phenol inhibition in biofilms

In this study, the reduction in O2 uptake in biofilms during

phenol exposure was less than expected when compared to

inhibition of DFR biofilm activity under similar phenol con-

centrations. A notable difference between the microsensor

profiles (Fig. 4) and biofilm inhibition tests performed in the

DFR (Fig. 5) is the fluid environment around the biofilms in the

DFR and the microsensor measuring chamber. There was a

significant bulk liquid phase in the microsensor measuring

chamber compared to a thin film layer in the DFR, which

resulted in lower O2 transfer than achieved from the head-

space in the DFR. The difference in O2 uptake is evidenced by

the NO�
2 production in the DFR, where 2.75 mM NO�

2 was

present in the reactor effluent. The AOB stoichiometry of 1.5

O2:NO�
2 predicts that the O2 consumed in the DFR would

be 4.1 mmol O2 L�1, which is much higher than the

diffusion-limited transfer of DO through the bulk liquid of the

microsensor chamber, which has an upper limit of

0.257 mmol O2 L
�1, the atmospheric solubility of DO at 25 �C.

In the DFR, an overall NO�
2 production rate was determined

basedonbulkfluid concentrations of influent andeffluentNO�
2

and overall protein measurements (Table 2). A reactive trans-

port biofilm model described elsewhere (Lauchnor, 2011) was

used to simulate theDOmicrosensor profiles in the biofilmand

predict NO�
2 production rates (Table 2). The control (no phenol)

DO profile was simulated to match the data and the resulting

total NO�
2 production rate was 6.5*10�8 molm�1 s�1. Assuming



50% biofilm coverage of the slide, a protein normalized rate of

0.0015mmolNO�
2 mgprotein�1 h�1was estimated from theDO

profilewhichwas an order ofmagnitude lower than in theDFR

and two orders of magnitude lower than batch cells (Table 2).

The results of inhibition tests at higher concentrations of

phenol in both suspended and biofilm cells shown in Table 2,

agree with the same trend as the results at 20 mM phenol

exposure. This lower NH3 oxidizing activity in the biofilm is

consistent with the lower degree of inhibition observed

compared to the DFR.
4.3. Biofilm resistance and slow growth rate

In the biofilms, O2 availability controlled the rates of NO�
2

production. Conversely, in suspended cell reactors O2 limita-

tion was not present and NH3 was the limiting substrate

controlling rates of growth in the fill-and-draw and chemostat

cultures, which was confirmed by stoichiometric mass bal-

ances of NO�
2 production. Regardless of whether the limiting

substrate was O2 or NH3, the same general trendwas observed

in both suspended and biofilm cultures, where the increased

rates of NO�
2 production caused greater inhibition during

phenol exposure.
5. Conclusions

� One of the key factors that made the N. europaea biofilms

more resistant to inhibition by phenol was the lower

metabolic activity of the cells.

� The results suggest that increased AMO turnover rate dic-

tates the sensitivity to phenol by increasing the potential

interaction of phenolwith the enzyme. Thiswas observed in

this study with an inhibitor that interacts directly with the

AMO enzyme.

� These observations are significant forwastewater treatment

operations where the metabolism of NH3 oxidizing bacteria

during biological treatment may affect their sensitivity to

inhibition in both biofilm and suspended cell reactors. It

would be of interest to determine if similar correlations

between activity and inhibition exist with other inhibitors of

NH3 oxidation in N. europaea.
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