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Introduction

Reactive oxygen species (ROS) are ubiquitous in the surface
waters of the oceans and include free radicals and peroxides,
of which superoxide (O2

–) and hydrogen peroxide (H2O2) are
the principal species. These transient species are highly reac-
tive and can be involved in many chemical interactions,
including the cycling of trace metals and organic compounds
in the marine environment. Detailed knowledge of ROS in
surface waters of the oceans has centered on measurements of
H2O2, the most stable ROS, with a half-life ranging from hours
to days (Cooper et al. 1994; Petasne and Zika 1997; Yuan and
Shiller 2001, 2005). In comparison, less is known about O2

–,
which undergoes disproportionation to produce H2O2 and O2

(Cooper and Zika 1983; Petasne and Zika 1987; Moffett and

Zafiriou 1990) and has a reported half-life in seawater rang-
ing from seconds to minutes (Zafiriou 1990; Millero 2006).

The known primary in situ source of ROS involves photo-
chemical processes as a result of the interaction of ultraviolet
(UV) light with O2, dissolved organic matter, and/or trace met-
als (Cooper et al. 1988; Yocis et al. 2000; Kieber et al. 2003;
Millero 2006). Atmospheric deposition of peroxides, particu-
larly during wet precipitation events, also results in a signifi-
cant increase in ROS concentrations in surface waters (Cooper
et al. 1987; Yuan and Shiller 2000; Croot et al. 2004; Gerringa
et al. 2004). In contrast, relatively little is known about the
biological contributions to the ROS pool in surface waters.
Recent studies have suggested that biological production of
H2O2 may be significant (Yuan and Shiller 2005) which is fur-
ther supported by positive correlations between subsurface
H2O2 maxima and chlorophyll in the Southern Ocean (Croot
et al. 2005). Moreover, Wolfe-Simon et al. (2005) indicated
that phytoplankton are the most important source of ROS in
the water column at the Hawaii Ocean Time Series (HOT) sta-
tion ALOHA. To elucidate the relative contribution and impor-
tance of oceanic biological ROS generation, a better under-
standing of the underlying biological processes is required.

Cellular sources and sinks for ROS are well understood for
terrestrial plants (Smirnoff 2005) and marine algae (Dring 2006).
Our work centers on the role played by plasma membrane
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redox processes in ROS production and the potential func-
tion(s) of this process, such as acquisition of nutrients and
redox homeostasis under physiological and physical stress.
Both abiotic (e.g., light, nutrient status, and temperature) as
well as biotic factors such as pathogen interactions (Evans et
al. 2006) can influence the degree of oxidative stress and ROS
production and release to the surrounding medium by phyto-
plankton. Our aim was to develop a method to detect the gen-
eration of ROS by phytoplankton cells and measure this real-
time ROS production in response to changes in environmental
parameters such as irradiance, temperature, salinity, nutrient
supply, and metabolic inhibitors. To address this aim, meth-
ods that enable sensitive and time-resolved measurements of
ROS production by phytoplankton under a variety of envi-
ronmental conditions are required.

The generation of ROS has previously been examined, and
a number of fluorescent probes are available that detect ROS
in animal and plant cells, such as Amplex Red™ for H2O2 and
Oxyburst® Green for O2

– (Molecular Probes, Invitrogen). We
initially examined the efficacy of these fluorometric batch
methods by incubating diatom cells with the probes and
monitoring the change in fluorescence over time according
to manufacturer’s instructions. We were able to detect phy-
toplankton ROS production using these probes (Davey et al.
data not shown); however, the sensitivity of the probes (µM),
reaction time, and cost of the reagents in conjunction with
the spectrophotometric batch method of detection meant
ROS production could not be readily adapted to a continu-
ous flow detection system. Spectrophotometric assays of O2

–

production using ferrocytochrome c (Butler et al. 1982;
Fridovich 1985) or the tetrazolium dyes nitro-blue tetrazolium
(Pipe 1992), 2,3-bis(2-methoxy-4-nitro-5- sulfophenyl)- 2H-
tetrazolium-5-carboxanilide (XTT) (Ukeda et al. 1997), and
water-soluble tetrazolium (WST-1) (Sutherland and Learmonth
1997; Tan and Berridge 2000) were found to be unsuitable
because of high nonspecific background turnover of the
probe and uptake by the diatom cells (Davey et al. data not
shown).

Chemiluminescence methods based on the oxidation of
luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) by H2O2

and MCLA [2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimi-
dazo[1,2-a]pyrazin-3(7H)-one hydrochloride] by O2

– have
been respectively used to determine H2O2 concentrations in
aquatic ecosystems (Yuan and Shiller 1999) and ROS produc-
tion by phytoplankton (Lee et al. 1995; Kim et al. 2000, 2004;
Zheng et al. 2003; Kustka et al. 2005; Rose et al. 2008b). We
therefore used these two chemiluminescent probes to develop
a flow injection–chemiluminescence system for both H2O2

and O2
– analyses. Each flow system incorporated an in-line

transparent filter unit to immobilize phytoplankton cells
upstream of the detector, an approach previously used by
Kustka et al. (2005) and Rose et al. (2005) for studies focusing
on the role of O2

– production in iron speciation. In this sys-
tem, the filter-supported cells were constantly flushed with

media, and the environmental conditions could be manipu-
lated without interfering with downstream detection of ROS
in the filtrate solution. In contrast to both Kustka et al. (2005)
and Rose et al. (2005), the system developed here was
designed to monitor real-time production of both H2O2 and
O2

– by phytoplankton cells. To allow manipulation of envi-
ronmental factors that regulate cellular ROS production, cells
were preloaded into an in-line filter unit that could be
exposed to various light levels, an approach not previously
used. The system developed was sufficiently flexible to enable
sensitive real-time measurements of ROS generation while
manipulating the physical and chemical environment of the
cells. Although the present study focused on one diatom
species, the system can be readily adapted for a wide range of
phytoplankton species.

Materials and procedures
H2O2 was measured by the metal [Co(II)] catalyzed oxida-

tion of luminol (adapted from Price et al. 1994). Modifications
were made to the original method; the sample injection loop
was reduced to 60 µL, and the previously separate reagents
were mixed to a single combined luminol/Co(II) reagent solu-
tion (Fig. 1a). For O2

– detection, we developed a method based
on the chemiluminescent probe MCLA (Lee et al. 1995; Asai et
al. 1999; Zheng et al. 2003). The coastal diatom Thalassiosira
weissflogii was used in the preliminary investigation of phyto-
plankton ROS production, and the protocols were optimized
for physiologically relevant pH (~8.1).

Instrumentation—Parallel H2O2 and O2
– measurements were

carried out using flow injection systems. Schematic diagrams
of the two manifolds are illustrated in Fig. 1. Both systems
consisted of a peristaltic pump (Gilson Minipuls; Anachem)
and an end-window photomultiplier tube (PMT, Thorn EMI
9789QA) housing a coiled quartz flow cell. High power voltage
was supplied to the PMT using a 1.1-kV power supply (PM
28B, Thorn EMI). The continuous PMT voltage output was
amplified and filtered (LPF-100A, Low Pass Bessel Filter 4 Pole;
Warner Instruments) and then digitized (Minidigi 1A; Axon
Instruments). Peak detection and offline analysis was per-
formed using Axoscope 9.0 and Clampfit 9.0 software (Axon
Instruments).

The H2O2 manifold contained a six-port, two-position
rotary injection valve (Anachem) with a 60-µL sample loop for
manual sample injection. For O2

– analyses, a continuous flow
system was used, consisting of a T-piece to mix sample and
reagent immediately before entering the quartz flow cell; the
T-piece was positioned directly in front of the PMT.

All tubing for both manifolds was PTFE (0.75 mm i.d.;
Fisher Scientific), with the exception of a mixing baffle (sili-
cone; Elkay) and the peristaltic pump tubing (flow-rated sili-
cone; Elkay). Phytoplankton cells were supported on a 0.4-µm
polycarbonate filter (Whatman Cyclopore™) held within a
clear polycarbonate 25-mm in-line filter holder (Sartorius).
The whole filter unit was attached to the sample lines using
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luer lock connectors (Cole Parmer). Photosynthetically active
radiation was provided using a fiber optic lamp (Schott Mainz,
K450B), directed onto the cells.

Reagents—All reagents were obtained from Sigma-Aldrich
unless otherwise stated and were prepared with ultra-high
purity (UHP, Millipore, 18 MΩ cm–1) water. Stock solutions of
0.03 M luminol and 0.05 M Co(NO3)2 ⋅ 6H2O (Fluka) were pre-
pared in 0.1 M NaCO3 and left for 24 h. From the stock solu-
tions, a mixed reagent working solution of luminol/Co(II)

(3 × 10–5 M/5 × 10–4 M) was prepared in 0.1 M Na2CO3 buffer,
and the pH was adjusted to 10.8 with HCl (12 M, AnalaR;
Fisher Scientific) and left for 24 h. The stock and working solu-
tions were stored at 4°C. Catalase (bovine liver), when used,
was added to yield a final concentration of 1–3 U mL–1.

MCLA stock (100 mg mL–1) (Fluka) was prepared and stored
at –80°C. Fresh MCLA reagent, comprising 9 µM MCLA in
100:1 vol/vol UHP water/ethanol, 0.5 mM HEPES (N-(2-
hydroxyethyl) piperazine-N′-2-ethanesulfonic acid) (pH 8.1)

MMixed 

Co(II)-

luminol  

eluent 

Filtered 

Seawater 

Flow 
Cell 

mL min-1 

Injection 
Valve 

Waste 

Sample Loop 

Waste 

Photomultiplier 

Amplifier 

Data Acquisition 

Peristaltic 
Pump 

1.5 

Immobilized 
Cells 

Luer Lock 
Fittings 

Mixing Baffle 

a 

MCLA 

Buffered 

Filtered 

Seawater 

Flow 
Cell 

Waste 

Photomultiplier 

Amplifier 

Data Acquisition 

1.5  
mL min-1 

Peristaltic 
Pump Immobilized 

Cells 

Luer Lock 
Fittings 

Cooling 
Bath 

Mixing 
Baffle 

b 

Fig. 1. Schematic diagrams of the manifolds for the determination of H2O2 (a) and O2
– (b). 
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was prepared according to Zheng et al. (2003) immediately
before use and stored on ice throughout the assay. DTPA
(diethylenetriaminepenta-acetic acid) (100 µM) was added to
all reagents used in the O2

– assay to minimize metal-catalyzed
Fenton chemistry in the analytical manifold (Kustka et al.
2005; Rose and Waite 2005; Rose et al. 2005). SOD (bovine ery-
throcyte), when used, was added to a final concentration of
2–4 U mL–1.

Filtered seawater (FSW)—Seawater (60 L) from the English
Channel (50° 09.55 N 04° 14.66 W) was collected from a depth
of 65.5 m using a CTD carousel and Go-Flo bottles. This sea-
water was filtered (0.2 µm Sartobran P; Sartorius) and aged at
room temperature in the dark for at least 2 weeks. This low-
background ROS seawater was used for all standard solutions,
calibrations, and experimental assays. In the O2

– assays,
batches of this filtered seawater were buffered with 0.5 mM
HEPES (HbFSW) at pH 8.1–8.2 (see “pH optimization” under
“Assessment”).

Phytoplankton culture—Batch cultures of T. weissflogii were
incubated at 15°C, 150 µmol photons m–2 s–1, 12:12 light/dark
cycle in filtered seawater supplemented with 500 µM NaNO3,
32 µM K2HPO4, 100 µM Na2SiO3, and Guillard’s F/2 vitamins
and a trace metal solution containing 2.8 µM Na2-EDTA, 80
nM ZnSO4, 460 nM MnCl2, 50 nM CoCl2, 20 nM CuSO4, 2 µM
Na2MoO4, and 200 nM H2SeO3. Iron was added separately as a
1:1.36 solution of FeCl3 and Na2-EDTA to a final concentration
of 1 µM Fe and 1.36 µM EDTA. Cultures were maintained in
mid- to late log phase by routine subculture. T. weissflogii cells
were harvested and concentrated by filtration (3 µm polycar-
bonate, 47 mm; Whatman Cyclopore™), washed, and resus-
pended in FSW. Resuspended cells were acclimated in the dark
for at least 20 min before use in experiments. Cell counts were
determined using a hemocytometer (improved Neubauer
slide), and samples were either counted immediately or pre-
served by the addition of Lugol solution (100:1 vol/vol cul-
ture:Lugol).

Procedure—The two manifolds were configured as detailed
in Fig. 1; before and after each experimental run, they were
cleaned with 0.5 M HCl followed by flushing with UHP water.
The addition of a mixing baffle in both systems ensured com-
plete mixing of the sample and reagent before entering the
detection flow cell. Before ROS assays, both systems were oper-
ational (flowing with reagents and FSW/HbFSW) for at least 30
min to establish baseline stability and ensure that all tubing
and sample lines were conditioned. Transparent filter holders
containing 25-mm (0.4-µm Whatman Cyclopore) membrane
filters were prefilled with FSW/HbFSW to remove air bubbles
from the units. Equal volumes of washed, dark-adapted cells
were slowly transferred, by syringe, onto the membrane filters
supported in the filter holders. This procedure was performed
with a gentle swirling motion to ensure even distribution of
the cells over the filter. Once loaded with cells, the filter units
were placed in the sample line of each manifold using the luer
lock connectors. To acclimate cells to the flow conditions of

the manifolds, the cells were perfused with either FSW (H2O2)
or HbFSW (O2

–) in the dark for 15 min before the start of assays.
This acclimation was performed to ensure that any subsequent
changes in signal were in response to light exposure only and
not an artifact of the necessary manipulation associated with
loading the in-line filter units. A flow rate of 1.5 mL min–1 was
maintained throughout the experiments. Assays typically
lasted 1–2 h, during which time the immobilized cells were
intermittently exposed to varying light levels (30–500 µmol
photons m–2 s–1) and the filtrate was analyzed. Between each
light period, the immobilized cells were returned to the dark
until the ROS signal returned to a steady-state value, typically
close to the baseline. Manual injections of the FSW filtrate were
performed (~1 injection min–1) to determine the H2O2 produc-
tion by the cells. In O2

– assays, filtrate was mixed directly with
the MCLA reagent stream and the O2

– concentration was mon-
itored continuously. Before calibration, the filter units were
bypassed and standards were either injected (H2O2) or pumped
(O2

–) through the sample line.
The photochemical generation of ROS in the absence of

biomass was measured using the same apparatus in the
absence of microalgal cells. Additionally, the enzymes catalase
and SOD were used to establish the specificity of the two ROS
assays; these enzymes were added to either FSW or HbFSW of
the respective H2O2 or O2

– flow system.

Assessment
pH optimization—The chemiluminescence reactions (quan-

tum efficiency) of both H2O2 and O2
– with their respective

chemiluminescent probes, luminol and MCLA, are highly pH
sensitive. To establish the optimum pH of the mixed lumi-
nol/Co(II) reagent, five solutions with pH varying from 9.2 to
11.5 were prepared. The reagent was buffered with 0.1 M
Na2CO3 and the pH adjusted through the addition of concen-
trated HCl. The optimum chemiluminescence response for
H2O2 was recorded at pH 10.8 using a 100 nM standard pre-
pared in FSW. This is consistent with the pH optimum
reported by Price et al. (1994, 1998) using a system with sepa-
rate luminol and Co(II) reagent streams.

In preliminary experiments, we found that mixing of the
MCLA reagent with the FSW led to large changes in chemilu-
minescence signal which were independent of O2

– concentra-
tion and could not be quenched by conventional SOD levels
(data not shown). This was most likely due to the large pH dif-
ference between the MCLA reagent and sample, given that
previous studies investigating the determination of O2

– have
shown a strong pH dependence of the MCLA signal (Lee et al.
1995, Ukeda et al. 1997). To avoid artifacts due to pH shifts
during our experiments, we therefore buffered both FSW and
MCLA reagent with 0.5 mM HEPES to pH 8.1–8.2, the physio-
logical pH appropriate for the phytoplankton cells. Although
this pH is not optimal for O2

–-mediated MCLA chemilumines-
cence (pH 9.2, Lee et al. 1995), the O2

–-specific MCLA chemi-
luminescence in the buffered FSW was sufficient to enable
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successful monitoring of O2
– generated by phytoplankton cells

at the physiological pH necessary while eliminating the lumi-
nescence artifacts associated with reagent mixing and pH
shifts during the experiments.

Flow rates—When establishing the optimal flow rate for the
two ROS systems, the maintenance of viable immobilized cells
within the filter unit also had to be taken into consideration.
In the absence of cells, the optimal flow for the H2O2 system
was determined to be 1.5 mL min–1, the maximum response
from replicate injections of a 50 nM standard prepared in FSW.
This flow rate was then tested in the presence of cells sup-
ported in the filter unit, and subsequent microscopic inspec-
tion confirmed that this optimal perfusion rate did not dam-
age the diatom cells. To maintain comparability between the
two ROS systems, the flow rate for O2

– detection was matched
to that of H2O2 at 1.5 mL min–1. To minimize signal loss of the
O2

– radical, the residence time between the filter unit and
detector was reduced and an optimal signal was achieved by
inserting a short length of wide-bore silicone tubing (3.5 mm
i.d.) between the T-piece mixing junction and the flow cell
(Fig. 1b).

Standardization—The two flow systems were individually
calibrated before and after each ROS assay experiment. A pri-
mary working stock solution of H2O2 was prepared daily in
FSW from a stock solution of H2O2 (30%, AnalaR; Fisher Sci-
entific). H2O2 standards in the range 10–200 nM were prepared
from the primary working stock solution, immediately ana-
lyzed, and used to generate calibration graphs. Replicate
analyses (n = 4) were performed for all standard solutions, and
standard graphs were typically linear in response (Fig. 2). The
stock solution of H2O2 was periodically standardized using
potassium permanganate titrations (Vogel 1989).

The O2
– system was calibrated indirectly, using the sub-

strate xanthine and enzyme xanthine oxidase (X:XO) to gen-
erate O2

– in HbFSW solutions. This relatively simple method
of calibration was easy to use when combining the two ROS
systems and was preferred over the alternative approach of
photochemical production of O2

– (McDowell et al. 1983) that
was used by previous workers (Goldstone and Voelker 2000;
Kutska et al. 2005; Rose et al. 2005). Duplicated sets of stan-
dard solutions were prepared by adding 5–50 mU mL–1 xan-
thine oxidase (xanthine:oxygen oxidoreductase) to 100 µM
xanthine in HbFSW immediately before use. One set was used
to assess the chemiluminescent MCLA signal, the second set
to determine X:XO superoxide production rates by spec-
trophotometry. The O2

– production rate of the X:XO standard
solutions was analyzed by following the reduction of the sol-
uble tetrazoleum salt 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide (XTT) (7 µM) over 30 min
(Ukeda et al. 1997), and the rate was calculated using a molar
absorptivity at λ470 nm of 21,600 M–1 cm–1 (Sutherland and
Learmonth 1997). XTT was reduced at a constant rate over 30
min in the presence of the X:XO enzyme couple, indicating
constant O2

– generation in the standards over this time

period. For quantification, it is necessary to know the rate of
O2

– decay in the standards. Studies have shown that the rate
of O2

– decay depends on pH (Bielski et al. 1985; Zafiriou
1990). More recently, Rose et al. (2008a,b) discussed the vary-
ing physiochemical properties of a solution which can influ-
ence O2

– concentrations and in turn affect the decay rate.
They report varying half-lives of 71 s to 16 min based on cal-
culated decay rate constants for individual seawater samples.
For the purposes of this initial study, we assumed a half-life in
seawater of 100 s (Millero 2006). The concentration of O2

– in
each standard was calculated at 1-min intervals, using the
production rates determined spectrophotometrically and the
half-life of 100 s. The best-estimate O2

– concentration for each
standard was the average calculated concentration between 6
and 10 min after addition of XO. Calibrations curves were
generated by plotting the relative increase in the MCLA sig-
nal in response to the X:XO standards (Fig. 3a) against the
[O2

–] calculated for those standards (Fig. 3b). Calibrations
were carried out daily.

The specificity of MCLA to the detection of O2
– was exam-

ined by using an H2O2 standard (100 nM in HbFSW). No sig-
nal response to this relatively high H2O2 concentration was
observed (data not shown). Luminol, on the other hand, is
not H2O2 specific, as both hydroxyl (or hydroxyl-like) radicals
and O2

– can have a significant effect on the luminol chemilu-
minescent signal (Rose and Waite 2001). However, the use of
an injection valve with sample loop in the H2O2 system intro-
duces a short delay before sample analyses. This delay allows
for slight aging of the sample, which, coupled with the resi-
dence time of the sample in the filter holder and the short life-
time of O2

–, minimizes the interference from this species. The
specificity of the two systems to their respective ROS species

Fig. 2. Instrument calibration for H2O2. The PMT voltage signal was
recorded in response to standard additions of 10–50 nM H2O2 in FSW. An
average of the four injection peaks for every standard was used to gener-
ate the subsequent calibration (inset, error bars represent two standard
deviations). 
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was further confirmed by the signal quenching following cata-
lase and SOD additions (see Fig. 4).

Analytical figures of merit—Table 1 displays the figures of
merit for both detection systems. For the H2O2 system, the
analytical blank was determined using low ROS FSW, which
was analyzed in the same manner as the standards and
includes any signal associated with the reagents and the man-
ifold. The detection limit was defined as the hydrogen perox-
ide concentration corresponding to the signal of three times
the standard deviation on replicate analyses of the analytical
blank (n = 4). When considering the mean data for the assay

experiments performed, this corresponded to a detection limit
of 1.9 nM (n = 28). Owing to the continuous flow design of the
O2

– system, the operational analytical blank was defined as the
baseline produced from the mixing of the two streams (MCLA
and HbFSW) in the absence of cells. The detection limit of 1.6
nM was obtained from the analysis of baseline signal noise.
The average value of the baseline was calculated over a 15-min
period. The operational lower limit for the detection of O2

–

was defined as two times the baseline signal.
Biological production of ROS—Assays were performed to

determine ROS production by microalgae and how this may
be influenced by light. The compact transparent filter holders

Fig. 3. Calibration of the O2
–-dependent MCLA signal. (a) Trace showing

standard additions of 5–30 mU xanthine oxidase in 100 µM of the sub-
strate xanthine added to the reagent flow. (b) The O2

– MCLA signal was
indirectly calibrated, the standard addition solutions were analyzed spec-
trophotometrically (λ470), and the O2

– production rate was determined by
following the reduction of the soluble tetrazolium salt XTT using a molar
absorptivity of 21,600 M–1 cm–1 (inset). The XTT calibration of O2

– pro-
duction was then used to derive a calibration of MCLA luminescence sig-
nal versus O2

– production rate. 

Fig. 4. Specificity of ROS species production and detection. Representa-
tive traces showing that in the presence of T. weissflogii cells, light-stimulated
increase in luminol signal was completely quenched by 1–3 U mL–1 of the
H2O2 scavenging enzyme catalase (a) and light-stimulated increase in
MCLA luminescence signal was completely quenched by 2–4 U mL–1 units
of SOD (b). 
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were readily illuminated with the light source or shielded using
aluminum foil during light and dark exposures. The small vol-
ume of the filter holder (2.5 mL) together with the flow rate
used resulted in a relatively short residence time (~1.7 min).
During assays, immobilized cells were exposed to three differ-
ent light intensities, 30, 150, and 500 µmol photons m–2 s–1.
Initial control experiments in the absence of cells were per-
formed to assess any abiotic photochemical generation of H2O2

and O2
– in FSW and HbFSW. Small increases in signal were

observed for both ROS systems when filter units alone were
exposed to irradiances above 150 µmol photons m–2 s–1 (Fig. 5).
In the presence of cells in the filter unit however, large rapid
light-dependent H2O2 and O2

– signals were observed at all light
intensities (30, 150, and 500 µmol photons m–2 s–1) (Fig. 6). The
peak background signals (Fig. 5) were <10% of the rapid light-
dependent responses observed in the presence of cells (Fig. 6).
Any signal associated with control experiments, which also
includes any signal associated with the reagents and manifold,
was deducted from signals in subsequent assays.

These assay experiments demonstrated that it is possible to
monitor, in real time, with great sensitivity the effect of light
exposure on the production of ROS by T. weissflogii. Moreover,
the specificity of the H2O2 and O2

– production by T. weissflogii
was demonstrated by the rapid quenching of the signal upon
addition of catalase (Fig. 4a) and SOD (Fig. 4b) to the respec-
tive FSW and HbFSW flowing over the cells.

To calculate ROS production, the signal generated from the
assay was multiplied by the flow rate and divided by the num-
ber of cells present on the filters. Based on this calculation, light-
stimulated production rates of 1.1 × 10–16 and 6.6 × 10–16 mol
H2O2 cell–1 h–1 and 2.5 × 10–16 and 13.2 × 10–16 mol O2

– cell–1 h–1

were estimated for T. weissflogii when exposed to low (30 µmol
photons m–2 s–1) and high (500 µmol photons m–2 s–1) light,
respectively. In batch analysis, we observed dark rates of H2O2

production in T. weissflogii using the fluorescent probe Amplex
Red™ (3.1 × 10–16 mol H2O2 cell–1 h–1, data not shown), and our
FI-CL data also correspond to results reported by Kustka et al.
(2005) for dark O2

– production (8.4 × 10–16 mol O2
– cell–1 h–1).

Relationship between ROS signal and biomass—Finally, to fur-
ther test the in-line ROS detection system, we predicted that

biological production of ROS would be proportional to the
biomass present. We examined this by sequentially increasing
the number of cells that were immobilized on a filter while
keeping the irradiance treatment the same. In these experi-
ments, both H2O2 and O2

– production were clearly propor-
tional to the biomass present on the filter (Fig. 7).

Comments and recommendations
We developed two flow injection systems that are capable

of sensitive, real-time analysis of phytoplankton ROS produc-
tion while simultaneously enabling manipulation of the envi-
ronmental conditions. The protocols described in this investi-
gation were optimized for the diatom species T. weissflogii;
however, these techniques can be readily adapted to further
investigate the physiological roles of ROS production in a
range of phytoplankton, and how these may be affected by
nutrient limitation, light, antioxidant capacity, and photo-
synthetic rates.

Because H2O2 is membrane permeable and can diffuse out
of the cell, intracellular production of H2O2 that has not been
scavenged through enzymatic processes can significantly
contribute to the external ROS pool that our assays detect.
On the other hand, the O2

– anion is charged, highly reactive,
and membrane impermeable (Takahashi and Asada 1983).
Thus, estimated O2

– generation rates represent extracellular
production most likely via reduction of O2 by plasma mem-
brane reductases (Davey et al. 2003). In combination, these
two assay methods can provide simultaneous real-time data
on total (gross) and extracellular ROS production based on
these differing properties of H2O2 and O2

–, providing a quick,

Table 1. Analytical figures of merit. 

H2O2 O2
–

Detection Limit 1.9 1.6

Precision, RSD (%)a 1.4 (n = 4) 6.7 (n = 7)

Sensitivity 3.9 ± 1.9 mV nM–1 (n = 9) 1.6 ± 0.3 mV nM–1 (n = 7)

Linear Range 10–200 5–60

Sample Throughput 60 h–1 Continuous

All data given in nM (unless otherwise indicated). The figures represent all
data gathered during the assay experiments.
aPrecision is calculated as the percent relative standard deviation (% RSD)
and based on repeatability between replicate measurements of peak
height for a 100 nM standard (H2O2) and 50 µM xanthine and 30 mU
mL–1 xanthine oxidase (O2

–).

Fig. 5. Background changes in luminol (H2O2) and MCLA (O2
–) lumines-

cence signal in response to light. Representative light response data are
presented from control experiments in the absence of cells. The filter unit
was maintained in the dark and exposed to periods of light (µmol pho-
tons m–2 s–1) as indicated in the upper bar. 
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simplistic means to resolve and estimate extracellular from
gross cellular ROS production.

The methods we describe here should be applicable to a
wide range of studies where high-sensitivity, real-time analysis
of biological ROS production is required. We have demon-
strated that the method can be used to assess ROS production
in diatoms; however, these studies could be extended to a

wide range of coastal and open-ocean phytoplankton species,
though not all species may be amenable to the procedural
manipulation described. The methods may also be used in
field studies to estimate biological ROS production of natural
populations in surface waters. Moreover, because the abiotic
environmental conditions can be readily manipulated, these
methods can now be used for a thorough investigation of the

Fig. 6. Light-dependent ROS production by T. weissflogii. Typical light response data are shown for the production of H2O2 (a) and O2
– (b) when the in-

line filter unit was loaded with T. weissflogii and exposed to periods of light (µmol photons m–2 s–1) as indicted in the bar at the top of each trace. 

Fig. 7. Effect of phytoplankton biomass on ROS production. The cell density supported by the in-line filter unit was sequentially increased and light-
stimulated H2O2 (a) and O2

– (b) production monitored for each biomass level. 
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factors that control biological ROS production in aquatic
ecosystems. The in-line filter unit that supports the phyto-
plankton cells can be easily modified to enable simultaneous
non-invasive (fluorometric) measurements of photosynthetic
physiology.

Finally, the methods described here have the potential to
contribute to our understanding of the role phytoplankton
ROS production plays in nutrient acquisition such as iron.
Recently, Kustka et al. (2005) concluded that whereas iron(III)
could be reduced by O2

– produced by diatoms, this mechanism
was unlikely to play a major role in iron assimilation, as they
found no evidence for subsequent cellular uptake of the
reduced iron in this organism. In contrast, Rose et al. (2005)
suggested that O2

– production by the coastal cyanobacterium
Lyngbya majuscule facilitates increased iron uptake, speculating
that this is a reasonably widespread process. To what degree
biologically generated ROS contributes to trace metal specia-
tion is an issue of great importance. The method we present
here enhances our ability to address the role that phytoplank-
ton in particular play in trace metal speciation, and to this
end, we are further investigating the application of the tech-
nique described here in conjunction with flow injec-
tion–chemiluminescence detection of iron(II) (Bowie et al.
1998, 2002).
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