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ABSTRACT: Catalase activity through hydrogen peroxide
decomposition in a 1 mM bulk solution above Vibrio f ischeri
(γ-Protebacteria-Vibrionaceae) bacterial biofilms of either sym-
biotic or free-living strains was studied in real time by scanning
electrochemical microscopy (SECM). The catalase activity, in
units of micromoles hydrogen peroxide decomposed per minute
over a period of 348 s, was found to vary with incubation time of
each biofilm in correlation with the corresponding growth curve
of bacteria in liquid culture. Average catalase activity for the
same incubation times ranging from 1 to 12 h was found to be
0.28 ± 0.07 μmol H2O2/min for the symbiotic biofilms and 0.31
± 0.07 μmol H2O2/min for the free-living biofilms, suggesting
similar catalase activity. Calculations based on Comsol Multiphysics simulations in fitting experimental biofilm data indicated that
approximately (3 ± 1) × 106 molecules of hydrogen peroxide were decomposed by a single bacterium per second, signifying the
presence of a highly active catalase. A 2-fold enhancement in catalase activity was found for both free-living and symbiotic
biofilms in response to external hydrogen peroxide concentrations as low as 1 nM in the growth media, implying a similar
mechanism in responding to oxidative stress.

We report the use of scanning electrochemical microscopy
(SECM) in investigating catalase activity, a defense

mechanism of many bacteria, at the surface of biofilms of the
bioluminescent marine bacterium Vibrio f ischeri (V. f ischeri).
Understanding the processes by which beneficial (i.e.,
mutualistic) and pathogenic bacteria successfully colonize
host tissues is a major goal in biology and biomedicine.1−8 V.
f ischeri is a beneficial bacterium found within the symbiotic
light-emitting organs of sepiolid squids and monocentrid fishes
(Mollusca: Cephalopoda). This unique system is used as an
experimental model because the natural occurrence between
Vibrio bacteria and specific host tissues can be used to explore
the stages by which such associations develop as well as the
mechanisms underlying specificity and host signaling without
confounding effects typically observed in the presence of
multiple bacterial species.9 Sepiolid squids are nocturnal
predators that hide during the day but emerge each night to
forage in the water column for prey. The luminous, gram-
negative V. f ischeri colonize the squid’s internal light-emitting
organ and generate bioluminescence, which provides a
camouflage strategy termed counterillumination that enables
the squid to match downwelling moonlight by silhouette
reduction.10 In return, V. f ischeri bacteria receive nutrients from

the squid host.11 This mutualistic relationship is the basis for a
continuing and long-term symbiosis.
All host animals instinctively protect themselves against

colonization by inappropriate or pathogenic microorganisms. A
central theme in bacteria−host interactions is that the symbiont
either avoids damage by host immune defenses and/or
communicates with host cells to modulate or regulate
them.12−20 Both mechanisms may contribute to symbiont
specificity and are used in the V. f isheri-squid symbiosis. One of
these multiple selective mechanisms is the imposition of
oxidative stress, where oxygen is partially reduced by a squid-
activated-membrane oxidase complex to produce hydrogen
peroxide.21 The hydrogen peroxide reacts with squid-produced
halide peroxidase to generate hypochlorous acid, a known
bactericide. V. f ischeri bacteria counteract this oxidative stress
through the presence of a highly active catalase in their
periplasm. The catalase rapidly reduces the effective concen-
tration of hydrogen peroxide (i.e., through decomposition to
water and oxygen) near bacteria cell surfaces.16−18,22 Other
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symbiotic associations make use of catalase to eliminate host
generated hydrogen peroxide during colonization, such as
microbes in nasal cavities,23 plant roots,24 and in soil where
fungi produce peroxide to compete against other organisms.25

Some bacteria have developed high catalase activity in order to
adapt to extreme hydrogen peroxide environments such as
encountered in processing plants where hydrogen peroxide is
used as a bleaching agent.26−28 Catalase activity has also been
reported for pathogenic bacteria which coexist with hydrogen
peroxide producing beneficial bacteria in oral polymicrobial
systems.29 Therefore, current understanding of damage and
defense due to oxidative stress continues to be a topic of great
interest and has largely been pioneered through studies in E.
coli.30

Catalase is also responsible for the decomposition of
hydrogen peroxide produced as a byproduct of oxygen
metabolism, and its activity has been found to vary during
the bacteria growth cycle.22,31 For example, catalase activity was
enhanced more than 3-fold in planktonic V. f ischeri cells
approaching stationary phase.22 Addition of micromolar
hydrogen peroxide during early logarithmic growth resulted
in a 4-fold increase in activity.22 V. f ischeri catalase expression
has been reported to be controlled by a single catalase gene,
katA. Kat A is the predominantly expressed catalase enzyme
whether hydrogen peroxide is produced internally through
metabolic processes or externally from a host.22 katA is also
common in many bacteria and is responsible for their catalase
expression.5 Other bacteria, such as E. coli, induce a catalase as a
result of oxidative stress that is distinct from a separate catalase
induced at stationary phase.30

Catalase activity is most commonly determined quantitatively
using spectroscopy22,31−33 or Clark-type electrodes34 to
measure hydrogen peroxide decomposition in planktonic cell
extracts. It is also measured qualitatively by judging the degree
of bubbling due to the addition of hydrogen peroxide to
bacteria cells.22,35 These methods lack the ability to quantify
local hydrogen peroxide concentration at the surface of a
biofilm. Here we report the use of SECM36,37 to investigate
catalase activity through the change in hydrogen peroxide
concentration as a function of time due to its decomposition at
the surface of V. f ischeri biofilms. In SECM, a sensing tip (i.e.,
an ultramicroelectrode (UME) of size 10−25 μm diameter) is
positioned above a substrate through a feedback approach curve
(i.e., tip current, iT, vs distance, d, where d is scanned in the z
direction to a fixed position above a substrate such as a biofilm)
and measures the local transient hydrogen peroxide concen-
tration over the biofilm in response to its catalase activity.38

This allows the effective concentration of hydrogen peroxide
above a biofilm to be measured in situ. We also investigate
catalase activity as a function of incubation time of the biofilm
and relate this activity to the growth curve of planktonic
bacteria. Furthermore, we demonstrate that catalase activity
increases in biofilms exposed to hydrogen peroxide concen-
trations ranging from nM to μM early in the logarithmic phase
of growth. Both symbiotic and free-living strains (i.e., cannot
infect sepiolid squids but do co-occur) of V. f ischeri bacteria
were studied in order to determine if differences exist in their
catalase activity. Electrochemical measurements of hydrogen
peroxide concentration have been reported in several
studies,39−45 but none have dealt with hydrogen peroxide
decomposition and its relationship to catalase activity as a
function of biofilm incubation and increased activity during
biofilm growth and on external exposure to hydrogen peroxide

during early logarithmic growth. SECM is increasingly being
applied to biological systems to measure local concentration
over soft biological samples and for imaging.46−49 For example,
SECM was recently used in real-time mapping of local
hydrogen peroxide production across a biofilm of oral bacteria
and in observing its consumption in a polymicrobial biofilm
through a mechanism involving one of the bacteria during
spatial scanning,50 in the discovery of a biofilm electrocline (i.e.,
of oral bacteria) using real-time 3D metabolite analysis,51 and in
assessing multidrug resistance on cell coculture patterns.52

■ EXPERIMENTAL SECTION
Chemicals. Artificial seawater (Instant Ocean), tryptone

(Difco), yeast extract (Difco), glycerol (Sigma), agar (Difco),
MgSO4·7H2O (Fisher Scientific), CaCl2·2H2O (Fisher Scien-
tific), NaCl (Fisher Scientific), KCl (Fisher Scientific), K2HPO4
(Fisher Scientific), NH4Cl (Fisher Scientific), Tris-HCl (Fisher
Scientific), H2O2 (Fisher Scientific, 30%).

Media. Bacteria strains were grown in SWT (Seawater-
tryptone) media, containing 70% artificial seawater, 0.5%
tryptone, 0.3% yeast extract, and 0.3% glycerol. DMM (Defined
minimal media, pH 8.0) contained 12.3 g/L MgSO4·7H2O,
1.47 g/L CaCl2·2H2O, 17.5 g/L NaCl, 0.745 g/L KCl, 58.1 g/L
K2HPO4, 1.0 g/L NH4Cl, and 3 mL/L glycerol in 50 mM Tris-
HCl (pH 7.9). SWT agar plates contained 1.5% agar.

Bacteria Growth Curves. Two wild type V. f ischeri strains,
collected by M.K.N., were used: CB37 (free-living, collected in
Australia (Coogee Bay, New South Wales)); ETBB10-1
(symbiotic from Euprymna tasmanica squid, collected in New
South Wales, Australia (Botany Bay)). V. f ischeri were cultured
overnight in 50 mL of SWT media from cultured freezer stocks
stored at −80 °C. The overnight cell suspension (in triplicate)
was diluted to an absorbance of 0.3 with SWT. Subcultures
contained 1 mL of each diluted overnight suspension
inoculated into 200 mL of fresh SWT media. A control flask
of 1 mL of SWT in 200 mL of fresh SWT was also prepared. All
incubations were performed in a New Brunswick Scientific
Excella E25 Incubatore/Shaker programmed at 28 °C, 250 rpm.
Volumes of 1 mL were taken from each flask, and absorbance
was measured on a ThermoScientific BioMate 3 spectropho-
tometer at 600 nm at selected times (12 h for V. f ischeri CB37
and 24 h for V. f ischeri ETBB10-1).

Biofilm Formation. Overnight cultures (in triplicate) of V.
f ischeri were grown in 50 mL of SWT media from cultured
freezer stocks stored at −80 °C. Subcultures contained 1 mL
from each overnight culture and placed in 50 mL SWT;
bacteria subcultures were incubated to an absorbance (600 nm)
of 0.3. All incubations were performed in a New Brunswick
Scientific Excella E25 Incubatore/Shaker programmed at 28 °C,
250 rpm; absorbance was measured on a ThermoScientific
BioMate 3 spectrophotometer at 600 nm. Cells were pelleted at
2500 rpm for 20 min by centrifugation (Sorvall Legend RT
Centrifuge) and resuspended in SWT media to an absorbance
(600 nm) of 1.5. The cell suspension (100 μL) was spread on a
glass coverslip (Thomas Scientific, #1.5, 18 mm diameter) laid
on a freshly prepared SWT agar plate using a bent glass rod.
Each coverslip was incubated for 10 min at 28 °C to allow
bacteria attachment and then transferred to a fresh Petri dish
(VWR Polystyrene, 35 mm × 10 mm, Falcon Easy Grip)
containing 500 μL of SWT and incubated at 28 °C under static
conditions for specific incubation times ranging from 1 to 24 h.
Four coverslips were prepared from each cell suspension for
each incubation time. For incubations greater than 6 h, 500 μL
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of fresh SWT was added as follows: for 9 and 12 h incubations,
at 6 h into the incubations; for 24 h incubations, at 6 h, at 12
and 18 h (500 μL of media removed and 500 μL of fresh SWT
added). After incubation, each biofilm coverslip was rinsed with
SWT by careful dipping three times. The back of each coverslip
was dried with Kim Wipes and secured in a fresh Petri dish
(VWR Polystyrene, 35 mm × 10 mm, Falcon Easy Grip) with
double sided tape (3M) and used in the SECM experiments
described below. Each series of incubations for each bacterial
strain were repeated with three separate overnight cultures on
three separate days.
Electrodes and Electrochemical Cell. Pt wire (10 μm

diameter, 99.99% hard, Goodfellow) was used in fabricating
ultramicroelectrode (UME) SECM tips, as described else-
where.53,54 The SECM tips used in these experiments were
shaped to RG = 3, where RG is the ratio between the SECM tip
diameter and the diameter of the active UME surface. Prior to
use, all SECM tips were polished with 0.05 μm alumina on
microcloth pads (Buehler, Lake Bluff, IL) and cycled in 0.1 M
H2SO4 in the potential range from −0.55 to 0.6 V vs Ag/AgCl,
at 0.1 V/s for 80 cycles to a constant cyclic voltammogram. Pt
wire (0.5 mm diameter, 99.99%, as drawn, Goodfellow) was
used as the counter electrode, and the reference electrode was
Ag/AgCl (satd).
The electrochemical cell consisted of a Petri dish (VWR

Polystyrene, 35 mm × 10 mm, Falcon Easy Grip) with the
biofilm coverslip secured at the bottom center with double
sided tape (3M). A solution of 2.5 mL of DMM spiked with
H2O2 to a concentration of 1 mM was used.
Instrumentation. A CHI 900 SECM (CH Instruments,

Texas) coupled with a home-built Faraday cage on a vibration
table (VH3030W-OPT, Newport) was used in all SECM
experiments. UMEs were characterized and cleaned electro-
chemically using a CHI 760 D potentiostat (CH Instruments,
Texas).
SECM Experiments. The SECM tip was positioned using

previously reported procedures.37 An approach curve (tip
current, iT vs distance, d) was recorded above the biofilm
immersed in 2.5 mL of DMM using oxygen as a mediator by
holding the tip potential ET at −0.47 V vs Ag/AgCl (satd.). The
distance between tip and biofilm was then fixed at 100 μm
above the biofilm in order to avoid effects from the biofilm
topography, while still being able to record the current vs time
transient for the hydrogen peroxide decomposition.
A background chronoamperometric curve was recorded in

the absence of hydrogen peroxide at the same height by pulsing
the tip at 0.65 V for 10 s and reversing to 0.15 V for 10 s as
shown in Figure S1 in the Supporting Information; the duration
of the potential pulse sequence was 360 s, with the last
measurement time at 348 s at ET = 0.65 V. The DMM was then
spiked with hydrogen peroxide while stirring toward the end of
the 5 s quiet time in order to ensure a uniform final
concentration of 1 mM. The current due to hydrogen peroxide
oxidation was measured as a function of time during each tip
potential pulse at ET = 0.65 V. This potential pulse was
followed by another at ET = 0.15 V for 10 s in order to
electrochemically clean the UME surface. The current at 8 s
during each 10 s pulse at 0.65 V was background subtracted and
converted to H2O2 concentration using calibration curves
similar to that shown in Figure S2 in the Supporting
Information. Calibration curves were recorded over bare
coverslips at peroxide concentrations ranging from 0.2 to 1.2
mM and under identical conditions as the biofilm experiments.

The current vs time curves and the concentration vs time
curves corresponding to each incubation time were averaged for
each of the three separate overnight subcultures. Control
experiments in the presence and absence of hydrogen peroxide
were performed over a bare, glass coverslip for comparison.

■ RESULTS AND DISCUSSION
Figure 1 shows the schematic of the experimental setup in
which a SECM tip positioned 100 μm above a biofilm monitors

the hydrogen peroxide concentration gradient that develops
with time in the electrochemical cell as a bulk solution of 1 mM
hydrogen peroxide is decomposed at a biofilm surface. The
decomposition of hydrogen peroxide by V. f ischeri CB37 (free-
living) and V. f ischeri ETBB10-1 (symbiotic) biofilms as a
function of incubation time (e.g., CB37, 1−12 h; ETBB10-1,
1−24 h) are shown in Figures 2a and 3a, respectively. Each
concentration point in the graphs corresponds to the
chronoamperometric current due to hydrogen peroxide
oxidation at a particular time (e.g., t = 8 s during a series of
10 s pulses over a period of 348 s) as shown in the
corresponding current vs time plots in Figures S3 and S4 in the
Supporting Information and calculated using calibration curves
similar to that shown in Figure S2 in the Supporting
Information. The error bars in Figures 2a and 3a and Figures
S3 and S4 in the Supporting Information were calculated based
on three independent bacteria overnight and subcultures and at
least three independent measurements within each subculture
for each V. f ischeri strain. Control experiments over bare glass
coverslips were recorded in the presence of 1 mM hydrogen
peroxide and showed little decrease in peroxide concentration
over the duration of the experiment compared to those in the
presence of a biofilm as shown in the figures.
For the V. f ischeri CB37 and ETBB10-1 biofilms, the

hydrogen peroxide concentration initially decreased from a bulk
concentration of 1 mM to quasi-steady-state concentrations
(i.e., corresponding to increasingly less negative currents in
Figures S3 and S4 in the Supporting Information). The initial
decay and the final quasi-steady-state hydrogen peroxide
concentrations were found to be related to the incubation
time of the individual biofilms and to the V. f ischeri strains.
Decreasing hydrogen peroxide concentration detected at the

Figure 1. Schematic of the electrochemical experimental setup for
SECM real-time measurement of hydrogen peroxide decomposition
by a bacterial biofilm.
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SECM tip indicated increased hydrogen peroxide decom-
position activity at the surface of the biofilm. We attribute this
activity to the presence of catalase in the bacteria of the biofilm.
Correlation of Biofilm Peroxide Decomposition With

Planktonic Bacteria Growth Curves. Figure 2A shows the
change in the hydrogen peroxide concentration vs time in the
presence of V. f ischeri CB37 biofilms at different stages of
incubation. In comparison, the control curve in the absence of
V. f ischeri CB37 biofilm demonstrates that the hydrogen
peroxide concentration did not change significantly from the 1
mM bulk concentration over the measurement time. In the
presence of the biofilms at different stages of incubation, there
was a decrease in hydrogen peroxide concentration in the
vicinity of the tip which was found to vary in three general
incubation groups (i.e., 6, 4 h, and 12, 1 h, and 9 h) according
to the growth stages of the bacteria. Figure 2B shows the
growth curve of planktonic V. f ischeri CB37, recorded as
absorbance (600 nm) vs time, at hourly intervals over 16 h.
This growth curve features a lag time in growth up to
approximately 2 h, a log phase growth between 3 and 9 h and

stationary growth after 10 h. Figure 2B also exhibits variation in
hydrogen peroxide decomposition activity, expressed in units of
micromoles hydrogen peroxide decomposed per minute (i.e.,
the difference between the initial and quasi-steady H2O2 moles
divided by the analysis time of 348 s), which was calculated
from the hydrogen peroxide concentration vs time curves
(Figure 2A). Similar units have been used in previous
discussions of catalase activity in planktonic V. f ischeri bacteria
where one U of catalase activity corresponds to 1 μmol of
hydrogen peroxide decomposed per minute or, more generally,
as U/mg catalase protein or U/cell.22,55 Here, we similarly
correlate hydrogen peroxide decomposition with catalase
activity in V. f ischeri biofilms. Early decrease in catalase activity
from 1 h (lag phase) to 4 h incubation (log phase) can be
attributed to dilution of catalase as the number of bacteria cells
increases without a corresponding increase in catalase synthesis.

Figure 2. Hydrogen peroxide decomposition activity on V. f ischeri
CB37 biofilms at different incubation times. (A) Hydrogen peroxide
concentration vs time curves generated from the corresponding
current vs time curves (Figure S3 in the Supporting Information). (B)
Comparison of growth curve (left axis, black line and solid dots) for
planktonic V. f ischeri CB37 bacteria and hydrogen peroxide
decomposition activity (right axis, red line, and solid dots) on V.
f ischeri CB37 biofilms at designated incubation times. Decomposition
activity represents the difference between initial and quasi-steady H2O2
moles divided by the analysis time of 348 s. Error bars represent
standard deviation based on three independent measurements of each
of three overnight cultures. The solid blue dot corresponds to
incubation with 10 μM hydrogen peroxide at 4 h and measurement of
induced activity at 5 h.

Figure 3. Hydrogen peroxide decomposition activity on V. f ischeri
ETBB biofilms at different incubation times. (A) Hydrogen peroxide
concentration vs time curves generated from the corresponding
current vs time curves (Figure S4 in the Supporting Information). (B)
Comparison of growth curve (left axis, black line and solid dots) for
planktonic V. f ischeri ETBB10-1 bacteria and hydrogen peroxide
decomposition activity (right axis, red line and solid dots) at V. f ischeri
ETBB10-1 biofilms at designated incubation times. Decomposition
activity represents the difference between initial and quasi-steady H2O2
moles divided by the analysis time of 348 s. Error bars represent
standard deviation based on three independent measurements of each
of three overnight cultures. The solid blue dot corresponds to
incubation with 10 μM, 10 nM, and 1 nM hydrogen peroxide at 4 h
and measurement of induced activity at 5 h. Error bars represent
standard deviation based on three independent measurements of each
of three overnight cultures for each peroxide concentration.
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During this time, existing catalase is divided between two
daughter cells during each division.31 The V. f ischeri CB37
biofilm formed during 1 h incubation (i.e., lag phase) was found
to decompose hydrogen peroxide more efficiently than biofilm
formed from 4 h incubations (i.e., log phase, Figure 2A).
Similarly, catalase activity of V. f ischeri CB37 biofilm formed
during 6 h incubation (log phase) was only slightly lower than
that formed during the 4 h incubation. There was an increase in
the catalase activity as the incubation time for the V. f ischeri
CB37 biofilms approached the stationary phase of the V. f ischeri
CB37 growth curve, reaching maximum activity at 9 h
incubation (i.e., end of log phase). This decrease in catalase
activity during the log phase and increase on approach to the
stationary phase has been reported for other planktonic V.
f ischeri strains, where catalase activity was determined in cell
extracts of bacteria measured at different times during its
growth in rich media with shaking.22,26−28,31

Figure 3A shows the change in the hydrogen peroxide
concentration vs time in the presence of V. f ischeri ETBB10-1
biofilms at different incubation times over 24 h. Similar to V.
f ischeri CB37, the presence of V. f ischeri ETBB10-1 biofilms
produced a decrease in hydrogen peroxide concentration in the
vicinity of the tip, which varied according to growth stages of
the planktonic bacteria. Figure 3B shows the growth curve for
planktonic V. f ischeri ETBB bacteria, recorded as absorbance
(600 nm) vs time over 21 h. This growth curve shows that
planktonic V. f ischeri ETBB10-1 develop through two log
phases and two semistationary phases before reaching a stable
stationary phase at approximately 16 h incubation. In general,
the growth curve features a lag time in growth up to about 2 h,
log phase growth between 3 and 7 h, semistationary growth
between 7 and 10 h, a second log phase growth between 10 and
13 h, and a second semistationary growth starting at 13 h,
followed by stationary growth at about 17 h. The two separate
log phase periods feature a similar slope that is steeper than the
two semistationary slopes, which are also similar to each other.
Figure 3B also shows the variation in catalase activity (i.e.,
expressed as micromoles of hydrogen peroxide decomposed per
minute) calculated from hydrogen peroxide concentration vs
time curves in Figure 3A at different incubation times and its
correlation with the growth curve. There is a dramatic decrease
in catalase activity from one and two hour incubation (lag
phase) to three hour incubation (log phase), followed by a
steady decrease in activity from 3 to 5 h incubation (log phase).
At 6 h incubation (log phase) corresponding to the entry into
the first semistationary phase, the V. f ischeri ETBB10-1 biofilm
shows a dramatic increase in catalase activity, followed by a
slight decrease in activity at 9 h incubation corresponding to
the second log phase. The V. f ischeri ETBB10-1 biofilm shows
increased activity at 12 h incubation corresponding to the entry
into the second semistationary phase, where the activity is
approximately maintained through 24 h incubation (i.e.,
stationary phase).
V. f ischeri ETBB10-1 biofilms show catalase activity

comparable to those of V. f ischeri CB37 up to 5 h incubation.
At 6 h incubation, V. f ischeri ETBB10-1 biofilms show slightly
higher catalase activity due to entry into the first semistationary
growth phase in comparison to V. f ischeri CB37 biofilms which
are still in the log phase of growth. At 9 h incubation, V. f ischeri
ETBB10-1 biofilms begin a second log phase growth with a
corresponding decrease in catalase activity compared to V.
f ischeri CB37 biofilms, which are entering the stationary growth
phase. V. f ischeri ETBB10-1 biofilms enter a second semista-

tionary growth phase at 12 h incubation with catalase activity
comparable to that of V. f ischeri CB37 now in the stationary
phase. Overall, the average catalase activity for the common
incubation times of 1, 4, 6, 9, and 12 h was found to be 0.28 ±
0.07 μmol H2O2/min for the symbiont (i.e., V. f ischeri
ETBB10-1) compared to 0.31 ± 0.07 μmol H2O2/min for
the free living (i.e., V. f ischeri CB37) V. f ischeri biofilms
suggesting that catalase activity is similar for both the V. f ischeri
CB37 and ETBB10-1 biofilms, despite differences in the
planktonic growth curve behavior as well as life history strategy
(i.e., free-living versus symbiotic).
Catalase activity of the V. f ischeri ETBB10-1 and CB37

biofilms measured using SECM can be compared to those
reported for various planktonic Vibrio species from different
hosts and geographic locations, where the activities were
measured using spectroscopy and reported in units of μmol
H2O2 decomposed/min/cell.55 Such comparisons are of
interest from an evolutionary standpoint since different Vibrio
bacteria encompass a variety of life history strategies (e.g., free-
living, beneficial, pathogenic, commensal, saprophytic) and may
have specific uses for catalase besides fending off immune
response from a particular host. Examples include V. f ischeri
(host: fish, shrimp; Black Sea) with catalase activities ranging
from 1 to 2 × 10−7, Vibrio harveyi (host: mussel; Black Sea)
with activities ranging from 4 to 7 × 10−8, and Vibrio sp. (host:
mollasc, fish, shrimp, free living; Black and Azov Seas) with
activities ranging from 4 to 8 × 10−8. In comparison, catalase
activities for V. f ischeri ETBB10-1 (host: squid; Botany Bay,
Australia) and V. f ischeri CB37 (free living; Coogie Bay,
Australia) biofilms from Figures 2 and 3, respectively, in this
work ranged from 2 to 5 × 10−9 μmol H2O2 decomposed/min/
cell (i.e., based on bacteria cell density = 3.5 × 107/cm2 and
coverslip area of 2.54 cm2), which are within 2 orders of
magnitude of the planktonic values. Differences in catalase
activity can be attributed to several factors including geographic
location, type of host, cell density, and planktonic (i.e., the
reported activities55) vs biofilm (i.e., our work) catalase activity,
in addition to methodology (i.e., spectroscopy vs SECM).
Figure 4 shows fitted simulated (solid lines) curves which

demonstrate that hydrogen peroxide concentration gradients
that developed between the biofilm surface and the SECM tip
could be fit to the experimental response (solid dots) by the
biofilms upon exposure to 1 mM hydrogen peroxide. Although

Figure 4. Comparison of simulated (solid black lines) and
experimental (solid colored dots) of hydrogen peroxide concentration
vs time curves at V. f ischeri biofilms of CB37 (A) and ETBB10-1 (B)
bacteria with an SECM tip located 100 μm above the biofilm surface.
The diameter of the SECM tip was 10 μm (RG = 3). Simulated curves
were generated with fluxes of (A) CB37: 1.6 × 10−10 mol/cm2 s (4 h)
and 2.5 × 10−10 mol/cm2 s (1 h); (B) ETBB10-1: 0.9 × 10−10 mol/
cm2 s (5 h), 1.8 × 10−10 mol/cm2 s (9 h), and 2.4 × 10−10 mol/cm2 s
(12 h) biofilms.
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SECM is a very useful method for measuring the local
concentration of hydrogen peroxide above the biofilm or 100
μm from the biofilm surface, as previously discussed, it does not
give the concentration or flux at the biofilm surface. Digital
simulations can be used to determine the exact hydrogen
peroxide flux at the biofilm surface in SECM experiments when
the tip−substrate distance is known. Key parameters of the
simulation model are given in the Supporting Information. The
simulation assumes only diffusional mass transfer and a
constant hydrogen peroxide flux to the biofilm surface.
Competition for hydrogen peroxide by the 10 μm diameter
SECM tip at a distance of 100 μm away from the much larger
biofilm surface is negligible.56,57 Fitted hydrogen peroxide
fluxes at the V. f ischeri CB37 biofilm surfaces were found to be
2.5 × 10−10 mol/cm2 s for 1 h incubation (lag phase) and 1.6 ×
10−10 mol/cm2s for the 4 h incubation (log phase). On the
basis of a colony forming unit (CFU) count of 9.0 × 108

bacteria/mL, a 0.100 mL bacteria suspension aliquot, and a
coverslip area of 2.54 cm2, the calculated bacteria density was
3.5 × 107 bacteria/cm2. Thus, approximately 7.1 × 10−18 mol (1
h incubation) and 4.5 × 10−18 mol (4 h incubation) of
hydrogen peroxide were decomposed by a single V. f ischeri
CB37 bacterium at the biofilm surface per second. This further
corresponds to ∼4 × 106 and 3 × 106 molecules of hydrogen
peroxide decomposed by a single V. f ischeri CB37 bacterium at
the biofilm surface per second, respectively, in keeping with the
fact that catalase is known to be a perfect catalyst with a
turnover number of 4 × 107 s−1 when the enzyme is saturated
with a substrate (e.g., hydrogen peroxide).58 Similarly, fitted
hydrogen peroxide fluxes at the V. f ischeri ETBB10-1 biofilm
surfaces were found to be 0.9 × 10−10 mol/cm2 s for 5 h
incubation (first log phase), 1.8 × 10−10 mol/cm2s for the 9 h
incubation (second log phase), and 2.4 × 10−10 mol/cm2s for
the 12 h incubation (second semistationary phase). Thus,
approximately 2.5 × 10−18 (5 h incubation), 5.2 × 10−18 (9 h
incubation), and 6.9 × 10−18 (12 h incubation) mol (i.e., ∼2 ×
106, 3 × 106, 4 × 106 molecules, respectively) of hydrogen
peroxide were decomposed by a single V. f ischeri ETBB10-1
bacterium at the biofilm surface per second. These calculations
provide an important estimate of the amount of hydrogen
peroxide decomposed at the bacterial surface, which may be
useful in understanding the defense mechanism of a particular
bacterial species or interactions with a host in terms of
metabolite or external hydrogen peroxide concentration.
Enhanced Catalase Activity in Response to Oxidative

Stress. A number of planktonic bacteria (e.g., H. inf luenza,59 E.
coli,30 V. f ischeri,22 V. rumoiensis S-1T,26−28 Aggregatibacter
actinomycetemcomitans60) have been shown to respond to the
presence of hydrogen peroxide in their external environment by
inducing catalase gene expression with a resulting increase in
catalase activity. We therefore also used SECM to explore
whether the free-living V. f ischeri CB37 and symbiotic ETBB10-
1 biofilms show increased catalase activity in response to
external hydrogen peroxide in the culture media. Biofilms were
exposed to low concentrations of hydrogen peroxide during
early log phase growth (i.e., at 4 h incubation) and catalase
activity was measured 1 h after introducing hydrogen peroxide
into the growth media (i.e., at 5 h incubation). Hydrogen
peroxide concentrations of 1 nM, 10 nM, and 10 μM were used
in order to explore the lowest concentration needed to
externally enhance catalase activity. These catalase activity
results, in units of μmole hydrogen peroxide decomposed per
minute, are shown by the solid blue dots in Figures 2B and 3B

for V. f ischeri CB37 and ETBB10-1 biofilms, respectively.
Corresponding current vs time and peroxide concentration vs
time plots are shown as Figure S7A,B in the Supporting
Information for V. f ischeri ETBB10-1 and Figure S8A,B in the
Supporting Information for V. f ischeri CB37. For the V. f ischeri
ETBB10-1 biofilms, catalase activity was enhanced at 5 h
incubation from 0.15 ± 0.03 μmol H2O2/min (i.e., no
hydrogen peroxide added during incubation) to 0.28 ± 0.01
(10 μM H2O2), 0.30 ± 0.01 (10 nM H2O2), and 0.32 ± 0.03 (1
nM H2O2) μmol H2O2/min, suggesting a similar level of
catalase gene expression at the three concentrations. The
average activity (0.30 ± 0.02 μmol H2O2/min) due to external
induction at these hydrogen peroxide concentrations as shown
in Figure 3B represents an approximately 2-fold increase in
catalase activity compared to the 5 h incubation in the absence
of hydrogen peroxide. Figure S7A,B in the Supporting
Information shows that the activity of the externally induced
V. f ischeri ETBB10-1 biofilm approaches that of the biofilm
incubated for 12 h. For the V. f ischeri CB37 biofilms induced
with 10 μM hydrogen peroxide, catalase activity was also
enhanced at 5 h incubation to 0.35 ± 0.01 μmol H2O2/min (10
μM H2O2) compared to 0.24 ± 0.01 μmol H2O2/min at 4 h
incubation and 0.23 ± 0.01 μmol H2O2/min at 6 h incubation.
Figure S8A,B in the Supporting Information shows that the
activity of the externally induced V. f ischeri CB37 biofilm
approaches that of the biofilm incubated for 9 h. These results
indicate that catalase activity is enhanced in free-living V.
f ischeri CB37 and symbiotic V. f ischeri ETBB10-1 biofilms in
response to the presence of hydrogen peroxide in their external
environment. On the basis of reported studies of gene
regulation and protein expression in planktonic V. f ischeri as
discussed previously,22 it is likely that the catalase activity
enhancement measured in the biofilms reported here is a result
of catalase gene expression. The results also suggest that the
catalase activity enhancement in response to oxidative stress
occurs by a similar mechanism in both the V. f ischeri free-living
CB37 and symbiotic ETBB10-1 biofilms. This suggests that V.
f ischeri bacteria, regardless of whether they are capable of
colonizing squid light organs or never see such an environment,
rely on high catalase activity and production when in a biofilm.
Since biofilms are usually under selective pressures to maintain
their integrity due to biotic forces such as grazing by predators,
catalase activity may provide one avenue to prevent breakdown
and deter bacteriovores from breaking down the complex
biofilm community.61 Such preventative measures are costly but
are important for preventing a breach in the biofilm structure.

■ CONCLUSIONS
Using SECM, we monitored the decomposition of 1 mM
hydrogen peroxide over the surface of V. f ischeri biofilms in real
time, related catalase activity to micromoles of hydrogen
peroxide decomposed over 348 s, and showed that catalase
activity depends on the incubation time of the biofilms in
comparison with the respective planktonic bacteria growth
curves. Examination of biofilms of both free-living and
symbiotic V. f ischeri strains revealed that the average catalase
activity of these biofilms was similar for the same incubation
times and growth conditions but differing planktonic growth
curve behavior. Calculations based on Comsol Multiphysics
simulations demonstrated that approximately (3 ± 1) × 106

molecules of hydrogen peroxide were decomposed by a single
bacterium at a V. f ischeri biofilm surface per second, suggesting
efficient catalase activity when compared with reported
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turnover numbers on the order of 107 s−1 for isolated catalases
in general when saturated with a substrate such as hydrogen
peroxide. We also used SECM to explore catalase activity in
response to external hydrogen peroxide in the growth media
and showed up to a 2-fold enhancement in catalase activity at
hydrogen peroxide induction concentrations as low as 1 nM
and similar catalase activity enhancement in the free-living and
symbiotic biofilms. Collectively, these quantitative, real time,
and in situ catalase activity investigations on V. f ischeri biofilms
by SECM provide hydrogen peroxide spatial, temporal, and
decomposition rate data that were not possible from earlier
studies of bacteria in liquid culture or bacteria cell extracts.
These studies also provide insight into the efficiency of the
catalase activity of V. f ischeri biofilms which is important in
combatting the imposition of oxidative stress either through
control of oxygen or imposition of hydrogen peroxide by the
squid during colonization. The similar catalase activity found
for biofilms of symbiotic and free-living V. f ischeri bacteria
suggests that a high level of catalase activity and production
may be important in maintaining the integrity of these biofilms,
regardless of whether the bacteria are capable of colonizing
squid light organs. Further quantitative investigation of the
mechanisms that control metabolic and external hydrogen
peroxide concentrations with other strains of symbiotic and free
living V. f ischeri will lead to a better understanding of the role of
catalase activity in symbiotic bacteria during colonization.
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