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ABSTRACT 

 

Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), superoxide (O2
-), and 

hydroxyl radical (HO•) are important to the biogeochemical cycling of trace metals and carbon 

and could potentially have significant effects on marine processes. This study includes projects 

that examine both biological production and decay rates of H2O2 (and, to a lesser extent, O2
-) at 

both the macroscopic (ecosystem) and microscopic (cellular) level.  Dark production rates 

(PH2O2) and decay rate coefficients (kloss,H2O2) were determined by spiked batch incubations in the 

Prochlorococcus-dominated waters of Station ALOHA. Both parameters were low but exhibited 

considerable day-to-day variability, ranging from 0.0 to 2.9 nM hr-1 for PH2O2 and from 0.010 to 

0.048 hr-1 for kloss,H2O2. A strong correlation was found between PH2O2 and kloss,H2O2 in the mixed 

layer. Concentration of biota yielded higher values for PH2O2 (4.5 to 8.4 nM hr-1) and enrichment 

incubations increased values of kloss,H2O2 (0.199 to 0.293 hr-1). Overall, biological production of 

H2O2 was expected to be significant compared to photochemical production. Production rates for 

both H2O2 and O2
- of five species of marine diatoms were measured side by side by loading cells 

onto filters and using chemiluminescence detection of the ROS. In addition, the ability of these 

organisms to break down these ROS was examined by measuring recovery of O2
- and H2O2 

added to the analytical medium. O2
- production rates ranged from zero to 7.3 x 10-16 mol cell-1 

hr-1, while H2O2 production rates ranged from zero to 3.4 x 10-16 mol cell-1 hr-1. Results suggest 

that extracellular ROS production occurs through a variety of mechanisms even amongst similar 

organisms. In all organisms, recovery rates for killed cultures (94-100% H2O2; 10-80% O2
-) were 

consistently higher than those for live cultures (65-95% H2O; 10-50% O2
-). While recovery rates 

for killed cultures in H2O2 indicate that nearly all H2O2 is degraded by active cell processes, O2
- 
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decay appears to occur via a combination of active and passive processes. Overall, rates and 

pathways for ROS production and decay were shown to vary greatly from species to species, 

even among those that are closely related. Finally, twelve species of bacteria were evaluated for 

H2O2 production and decay both by the filter-loading method used for bacteria as well as the 

spiked batch incubation method used at Station ALOHA. Cell-normalized production rates 

(PH2O2,cell) ranged from zero to 3.81 amol cell-1 hr-1 and cell-density normalized decay rates 

(kH2O2,cell) ranged from 2.18 to 212 x 10-8 hr-1 (cell mL-1)-1. Values for kH2O2,cell and PH2O2,cell from 

the two methods generally agreed with each other, but in a few organisms there was a significant 

difference that indicated that H2O2 production might vary depending on an organism’s 

surroundings. Comparison of PH2O2,cell with previously published O2
- production rates suggests 

that, as with diatoms, a variety of pathways are likely to be responsible for H2O2 production. 

Rates for kH2O2,cell and PH2O2,cell suggest that bacteria may be primary contributors to H2O2 decay 

in the ocean and may be one of the primary contributors to biological H2O2 production. 
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CHAPTER 1 

INTRODUCTION 

 

The three intermediates in the four-electron sequential reduction between oxygen and 

water—superoxide (O2
-), hydrogen peroxide (H2O2), and hydroxyl radical (HO•)—are known 

collectively as reactive oxygen species (ROS). 

 

1.1 Abiotic production of ROS 

Production of superoxide in natural waters has traditionally been attributed primarily to 

photochemical oxidation of chromophoric dissolved organic matter (CDOM). 

  CDOM+ ℎ𝜐 → CDOM∗ + O! → CDOM! + O!!•     (1.1) 

Once formed, superoxide can disproportionate to form hydrogen peroxide. 

    2O!!• + 2H! → H!O! +   O!      (1.2) 

Another path to formation of hydrogen peroxide involves oxidation of a reduced metal. 

   O!!• + X!"# + 2H! → H!O! + X!"      (1.3) 

If ferrous iron is present, hydrogen peroxide can react via the Fenton reaction to form 

hydroxyl radical: 

     H!O! + Fe!! → Fe!! + HO! + HO•     (1.4) 

Of the three ROS, HO• is the most reactive and therefore has the shortest half-life. As a 

result, it is also the most difficult to measure. While O2
- is more stable than HO•, and therefore 

longer-lived, its decay is still fast enough in freshwater that O2
- cannot be quantified in these 
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systems. H2O2 is the most stable of the ROS and, as an intermediate between the less stable 

species, can be used as a benchmark for overall ROS production in a system. 

 

1.2 Importance of ROS in the environment 

While O2
- is usually implicated in the oxidation of reduced metals, as in equation 1.3 

above, it has also been shown to serve as a reductant (Bielski et al., 1985). Thus, it may 

influence geochemical cycling of trace metals in natural waters (Zafiriou et al., 1998; Voelker et 

al., 2000; Hansard et al., 2011). H2O2 has also been known to influence the oxidation state of 

trace metals such as manganese (Strlic et al., 2003; Heckert et al., 2008). The high reactivity of 

HO• allows it to break down recalcitrant organic compounds (Ferrarese et al., 2007). For this 

reason, the Fenton reaction (equation 1.4) is used to remediate polluted sites via in situ 

contaminant oxidation (Huling and Pivetz, 2006). In natural waters, the same chemical action 

may assist in breaking down large organic molecules from decaying plant matter, making them 

more biologically available. 

 

1.3 Evidence for biological production of H2O2 and O2
- 

For many years the predominant theory held that H2O2 was primarily produced via the 

(abiotic) photochemical route (Cooper et al., 1988; Herut et al., 1998; Yuan and Shiller, 2001; 

Shaked et al. 2010). However, a number of studies have shown that there is substantial dark 

production of H2O2 in natural waters, which is likely to be biological in nature. Other studies 

have shown that H2O2 production is substantially reduced by 0.2-µm filtration, even in the light, 

implying that a microbiological process is involved. 
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1.3.1 Field studies showing biological production 

Rusak et al. (2011) found that, while H2O2 concentrations in a freshwater stream were 

highest during the day and lowest during the night, night-time steady state concentrations were 

considerably above zero. This suggested that solar irradiance was not the only contributor to 

H2O2 concentrations; biological production was another possibility. Vermilyea et al. (2010a) 

found that dark production of H2O2 in the Gulf of Alaska might be as high as four times that of 

photochemical production. Dark, presumably biological, production was also found to be 

significant in freshwater systems (Vermilyea et al., 2010b; Dixon et al., 2013). 

In a study conducted at the Bermuda Atlantic Time Station (Avery et al., 2005), quartz 

flasks of both filtered and unfiltered seawater samples were suspended from a buoy at different 

depths during daylight hours. Unfiltered samples had substantially higher H2O2 production levels 

than 0.2-µm filtered samples. For example, at 1 m depth (where photochemical production is 

expected to predominate), net H2O2 production from unfiltered samples was between 3.1-4.0 nM 

hr-1, while filtered samples exhibited rates of 0.5-2.2 nM hr-1. At 5 m depth, where considerably 

less photochemistry would occur, net H2O2 production from unfiltered samples ranged from 1.4-

3.4 nM hr-1, while filtered samples ranged from 0.2-0.3 nM hr-1. This substantial difference in 

H2O2 production following 0.2-µm filtration (which removes all microbes) implies that 

microorganisms produced a substantial fraction of the H2O2. 

Finally, H2O2 production was also measured in the waters of Vineyard Sound (Moffett 

and Zafiriou, 1990). The range of H2O2 production measured under a 500 W xenon lamp was 

found to be 2.1 to 3.4 nM hr-1, while dark production ranged from 0.8 to 2.1 nM hr-1. The study 

found roughly a 50% drop in H2O2 production in the light and an 80% drop in H2O2 production 

in the dark after filtering out microorganisms. 
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1.3.2 Biological production of H2O2 in culture studies 

More evidence that dark production of ROS is biological in nature comes from culture 

studies. Many of the studies relating to marine phytoplankton will be addressed in more detail in 

Chapter 3; however, it is important to discuss a few studies that bring up basic points about 

biological ROS production. Production rates for the studies in the present chapter are shown in 

Table 1.1 below; a few rates for marine phytoplankton are also included for comparison. 

An early study (Palenik et al., 1987) showed that while coccolithophore H. carterae 

produced considerable H2O2 in the dark, diatom T. weissflogii had no measurable production. In 

this study, H2O2 was not produced in spent culture medium, showing that it was the cells 

themselves, rather than metabolites in the medium, that were responsible for H2O2 production. 

Likewise, a similar production rate was observed before and after washing the cells, implying 

that H2O2 was not being produced by extracellular enzymes. In short, it was H. carterae cells 

themselves, rather than anything they exuded, that produced H2O2. 

 

Table 1.1. H2O2 production values for microbes. Values are given as approximate if rates were 
originally normalized by some method other than cell count and were converted to cell-
normalized rates for comparison. 
 
 
Species 

 
Organism type 

H2O2 production 
(mol cell-1 hr-1) 

 
Reference 

H. carterae coccolithophore 1-2 x 10-14 Palenik et al. 1987 
C. reinhardtii green algae ~1 x 10-13 Scholz et al. 1995 

de la Rosa et al. 2001 
M. braunii green algae ~1 x 10-14 de la Rosa et al. 2001 
C. fusca green algae ~5 x 10-15 de la Rosa et al. 2001 
A. nidulans cyanobacteria ~5 x 10-14 Scholz et al. 1995 
Synechococcus cyanobacteria 4-10 x 10-17 Rose et al. 2008 
T. pseudonana diatom 4-8 x 10-16  
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The H2O2 production capacity of green algae has been examined in a few studies (e.g., de 

la Rosa et al., 2001; Scholz et al., 1995). In one, the ability of Chlamydomonas reinhardtii to 

produce H2O2 on a commercial level was examined; cells were studied floating freely in medium 

as well as immobilized in alginate. Batch cultures produced 67% more H2O2 per cell than did 

immobilized cells (Scholz et al., 1995). This difference between free and immobilized cells is of 

great importance to methodological considerations and will be discussed further in Chapter 4. 

What is important to note for now is that H2O2 production by a particular microbe may be highly 

dependent on its environment. 

 

1.4 Possible pathways for biological production of ROS 

Despite extensive evidence for biological production of ROS, there are still substantial 

gaps in the understanding of production pathways. 

 

1.4.1 ROS production in the cell 

Both O2
- and H2O2 are generated intracellularly as a result of normal cell processes—on 

the order of 3 µM s-1 H2O2 in Escherichia coli (Seaver and Imlay, 2001). In eukaryotes, most 

intracellular ROS production takes place in the mitochondria or chloroplasts where the four-

electron reduction of dioxygen to water (or, conversely, the oxidation of water to molecular 

oxygen) occurs. H2O2 is also produced in the peroxisomes for the breakdown of lipids (Halliwell 

and Gutteridge, 2007). Generation of ROS as byproducts of photosynthesis, in particular, has 

been extensively studied. The process of photosynthesis involves formation of several radical 

species, of which two—the pheophytin and plastoquinone anions—have a reduction potential 

strong enough to reduce molecular oxygen to superoxide (Popisil et al., 2006). 
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ROS can be very toxic to cells; they can damage DNA, cell membranes, and proteins. As 

a result, cells protect themselves by deploying an array of antioxidant defenses. In particular, the 

enzyme superoxide dismutase breaks down O2
- catalytically, turning it into H2O2 and O2; 

likewise, H2O2 is destroyed by the enzymes peroxidase and catalase (Halliwell and Gutteridge, 

2007). 

These antioxidant defenses are efficient enough that, even when O2
- and H2O2 are 

produced in a microorganism, they are generally unable to affect the external environment of that 

microbe. A study of E. coli (Seaver and Imlay, 2001b) has shown that membrane permeability by 

H2O2 is low enough that antioxidant enzymes break it down before it is able to leave the cell in 

appreciable quantities. (Membrane permeability by the negatively charged O2
- is even smaller.) 

Seaver and Imlay therefore postulate that H2O2 in eukaryotes is likely to be confined to the 

organelles in which it is produced (mitochondria and peroxisomes), as it would not be able to 

cross the organelle membrane before being consumed by catalase (in peroxisomes) or peroxidase 

(in the mitochondria). 

 

1.4.2 Extracellular ROS production 

If intracellularly produced ROS cannot be exported to the cell’s environment, then any 

biologically produced H2O2 must be produced on the cell surface, a conclusion that is supported 

by culture studies. 

Inhibitors of cell surface processes have been shown to reduce or eliminate production of 

H2O2. Moffett and Zafiriou (1990) used diazobenzenesulfonate (DABS), which inhibits cell 

surface enzymatic processes, on field samples from Vineyard Sound and found that dark 

production of H2O2 dropped from 2.4 nM hr-1 to 1.2 nM hr-1. Palenik et al. (1987) found that 
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both DABS and proteinase K –a non-specific protease too large to permeate the cell 

membrane—both completely inhibited H2O2 production by H. carterae. Thus, in both studies, 

obstructing the function of proteins on the cell surface significantly reduced biological H2O2 

production. 

 

1.5 Decay 

It has been well documented that decay of H2O2 is primarily a particle-related, most 

likely biological, process. A study utilizing sequential filtration of Canadian lake water (Cooper 

et al., 1994) showed that H2O2 decay is most closely linked to small algae and bacteria in 

freshwater. A study of H2O2 decay off of the Florida coast (Petasne and Zika, 1997) showed that 

0.2-µm filtered water, which should have almost no microorganisms, showed much lower decay 

rates than either unfiltered water or water that had been run through a GF/F (coarse) filter. The 

same study also showed that autoclaved seawater exhibited almost no decay. In a study on H2O2 

in the Mediterranean, Red, and Baltic Seas (Herut et al., 1998) sampling sites with higher 

bacterial abundances also had higher decay rates; filtering seawater with high bacterial 

concentration significantly reduced decay. 

 

1.6 Measurement of simultaneous production and decay of H2O2 

In natural waters, the two competing processes of production and decay occur 

simultaneously for ROS. With a few exceptions, most of the studies report net production or 

decay. Decay has generally been measured in the dark (e.g., Petasne and Zika, 1997; Herut et al., 

1998; Yuan and Shiller, 2005) and has been quantified by adding H2O2 to levels above those 

found in nature and measuring the decrease in H2O2 over time. Although this procedure will 



	   8	  

yield a reasonably good approximation of the decay rate when H2O2 production is low, it is less 

accurate when H2O2 production is high, such as in systems with high cell densities. 

Likewise, net H2O2 production is generally quantified by incubating a sample (usually in 

the light, to assess photochemical production) and comparing [H2O2] measurements before and 

after the incubation. Once again, in areas with low decay rates, these measurements may be 

relatively unaffected by disregarding the effect of decay; however, in systems with high cell 

densities, such measurements could grossly underestimate actual production rates. In one study 

(de la Rosa et al., 2001), net H2O2 production was measured first in unamended cultures of C. 

reinhardtii, then in C. reinhardtii cultures that had been treated with a catalase inhibitor. The 

cultures without active catalase produced 92.6% more H2O2 than those in which production and 

decay were happening simultaneously. Given that the catalase inhibitor was a charged species, it 

is unlikely that it could cross the cell membrane and allow intracellular H2O2 to leak out. 

However, more study would be needed to state this conclusion with confidence. 

Since production and decay occur concurrently, the overall change in [H2O2] over time 

can be written as: 

  ! !!!!
!!

= Production− decay    (1.5) 

Assuming that production is constant per unit volume and decay is pseudo-first order 

with respect to [H2O2]—assumptions that are consistent with several previous studies (e.g., 

Vermilyea et al., 2010a; Cooper et al., 1994)—equation 2.1 can be written as: 

  ! !!!!
!!

= P!"#" − k!"##,!"#" H!O!      (1.6) 

The solution for differential equation 1.6 is: 

 H!O! = !!!!!
!!"##,!!!!

− !!!!!
!!"##,!!!!

− 𝐻!𝑂! ! 𝑒!!"    (1.7) 
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A number of methods have been developed that allow simultaneous determination of 

both PH2O2 and kloss,H2O2. The first published study to quantify both production and decay in 

natural waters was performed in the waters of Vineyard Sound (Moffett and Zafiriou, 1990). 

Isotope-labeled H2
18O2 was used to determine absolute decay rates, which were then used in 

conjunction with total H2O2 measurements to determine gross production rates of H2O2. Some 

years later, Vermilyea et al. (2010b) modified the method so that isotope measurements could be 

made using GC-MS up to several days after sample collection; the technique was applied to 

determine absolute production and decay rates for lakes in the Denver area (Vermilyea et al. 

2010b) and an agricultural stream in Nebraska (Dixon et al. 2013). More information on this 

method can be found in Appendix 1. 

In addition, a second technique, spiked batch incubations, allowed for determination of 

gross production and decay rates without the use of isotope labels and mass spectrometry. This 

method was pioneered in the Gulf of Alaska (Vermilyea et al. 2010a). This method will be 

discussed in detail in Chapter 2. 

 

1.7 Project Objectives 

To date, several studies on H2O2 production and decay have been performed in the ocean, 

but few have quantified gross, rather than net, production and decay rates. Likewise, numerous 

investigations have studied H2O2 production by microorganisms; however, the majority of the 

organisms studied have been less common microbes, such as raphidophytes. This study 

encompassed four projects that furthered the understanding of biological H2O2 production and 

decay in natural waters.  
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The first two projects were designed to elucidate the scope of dark biological H2O2 

production in the environment. The goal of the first project was to establish how widespread dark 

biological H2O2 production is in freshwater systems and to determine whether either H2O2 

production or decay were linked to geochemical or microbiological parameters. Because this was 

done as a joint project with Ryan Marsico and is part of his dissertation, this project is included 

as Appendix I of this work. The aim of the second project, found in Chapter 2, was to expand on 

the work of Vermilyea et al. (2010) by examining simultaneous H2O2 production and decay in 

the ocean. However, while Vermilyea studied the relatively productive waters of the Gulf of 

Alaska, the second project studied the oligotrophic waters more characteristic of the majority of 

the ocean. 

The other two projects were designed to elucidate the extent of H2O2 production and 

decay by common marine microorganisms, and possibly the biological pathways by which these 

two processes occur.  Production and recovery rates of both H2O2 and O2
- were found for five 

common species of diatoms in both light and dark conditions, and are reported in Chapter 3. In 

Chapter 4, H2O2 production and decay are examined for twelve strains of heterotrophic 

bacteria—cultures for which O2
- production was previously quantified by Diaz et al. (2013). 

In summary, this project looked at H2O2 dynamics on both the macroscopic and 

microscopic scales—from large ecosystems down to individual cells. 
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CHAPTER 2 

DARK BIOLOGICAL PRODUCTION OF HYDROGEN PEROXIDE  

IN THE PACIFIC OCEAN 

 

Portions of this chapter were adapted from: 

Kelly L. Roe, Robin J. Schneider, Colleen M. Hansel, and Bettina M. Voelker, 

Measurement of dark, particle-generated superoxide and hydrogen peroxide in the subtropical 

and temperate North Pacific Ocean, Deep Sea Research I, in review. 

 

2.1 Introduction 

As mentioned in Chapter 1, several studies (e.g., Moffett and Zafiriou, 1993; Yuan and 

Shiller, 2001; Yuan and Shiller, 2005; Avery et al., 2005; Vermilyea et al., 2010a, Rusak et al., 

2011) have quantified H2O2 production and/or decay rates in both the Atlantic and Pacific 

Oceans, and many of these studies have found evidence that at least some production was 

biological in nature. However, with only a few exceptions, these studies have calculated net 

production and decay rates. 

Vermilyea et al. (2010a) pioneered the use of spiked batch incubations as a method for 

quantifying actual (gross) production and decay rates. In the Gulf of Alaska, a very productive 

marine environment, dark H2O2 production—expected to be biological in nature—was 

considerably higher (2 nM hr-1) than photochemical production averaged over the mixed-layer 

depth (0.2 nM hr-1). 
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A logical extension of Vermilyea’s work was to examine dark production and decay in 

less productive environments more characteristic of the majority of the world’s oceans. Station 

ALOHA (22o 45’ N, 158o W), a well-characterized oligotrophic site north of the island of Oahu, 

Hawaii, was chosen because of its location in Prochlorococcus-dominated waters. A previous 

study (Morris et al., 2011) had shown that not only is Prochlorococcus especially sensitive to 

high H2O2 concentrations, it is also unable to degrade H2O2 on its own, relying instead on the 

H2O2-degrading capabilities of heterotrophic bacteria such as Alteromonas. Thus, a 

Prochlorococcus-dominated environment is liable to have different H2O2 dynamics than a 

Synechococcus-dominated environment such as the Gulf of Alaska; culture studies of 

Synechococcus have shown that it is not only likely to be a major contributor to biological ROS 

production (Rose et al., 2008), but also that it decays H2O2 (Petasne and Zika, 1997). 

  

2.2 Methods 

Seawater was collected at Station ALOHA from July 10-25, 2012. Seawater at Station 

ALOHA was collected from 5L GO-Flo bottles (General Oceanics) attached to a Kevlar line.  

The Station ALOHA casts were conducted ~1 hr before the 0800 CTD cast. Once the GO-Flo 

bottles were retrieved, analysis began ~30 min after collection. Depth profiles consisted of 

samples from 25m, 75m, and the deep chlorophyll maximum (DCM) (110-130m).  On alternate 

days, only a 25m water sample was collected for analysis.  All filtered seawater was filtered by 

slightly pressurizing (<7 PSI) the GO-Flo.  The cartridge filter (0.2 µm Supor cartridge, PALL) 

was acid washed with 0.1 M trace metal grade HCl, rinsed with Milli-Q and stored in Milli-Q 

until use.  Prior to collection of seawater for analysis, 1L of seawater was passed through the 
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cartridge filter.  At station ALOHA, the same filter was used for all depths for ~10 days before 

using a new filter.  

 

2.2.1 Measurement of H2O2 concentrations, decay coefficients, and production rates 

H2O2 concentrations were determined using the acridinium ester (AE) method described 

in detail in King et al. (2007) and Cooper et al. (2000) with a FeLume flow injection system 

(Waterville Analytical).  Briefly, a slug of sample was pushed into the system by a stream of 

catalase-treated filtered seawater (10 U mL-1), which then combined with 1 µM AE solution 

(acidified to pH 3 with trace-metal grade HCl) in a mixing tee.  The AE/sample solution then 

entered a flow cell, where it combined with a 0.02 M carbonate buffer (pH 11.2).  The flow rate 

was 2.0 mL min-1 for both the sample stream and each of the two reagent streams. 

The rate of H2O2 production (PH2O2) and the pseudo-first-order decay rate coefficient 

(kloss, H2O2) were analyzed using the method described by Vermilyea et al. (2010), which we will 

refer to here as spiked batch incubations (SBI).  Each SBI measurement consisted of incubation 

of one bottle filled with an unamended seawater sample and 1-2 others filled with the same 

sample and spiked with varying amounts of added H2O2 (up to +150 nM).  Samples were 

incubated in the dark in acid-washed amber 250 mL HDPE bottles; headspace was kept to a 

minimum to minimize H2O2 inputs from the atmosphere.  Total H2O2 levels for each bottle were 

then analyzed over a period of 9-18 hrs.  Incubation times were purposely kept below 18 hours 

because results from a previous cruise (HOT-238, December 18-22 2011) often showed a 

dramatic increase in H2O2 decay rates at the 19-20 hr mark, indicating a change in the microbial 

community.  On four days, SBIs of filtered seawater samples were run alongside SBIs of 

unfiltered samples. 
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2.2.2 Calculation of H2O2 production and decay rates 

Production and decay were modeled assuming that H2O2 dynamics in the different bottles 

of each set of SBI samples are described by the same, constant production rate PH2O2 and first-

order decay coefficient kloss, H2O2: 

  ! !!!!
!"

= P!!!! − k!"##,!!!! H!O!     (2.1) 

The solution for this differential equation is:  

   H!O! = !!!!!
!!"##,!!!!

− !!!!!
!!"##,!!!!

− H!O! ! 𝑒!!!"##,!!!!!   	  	  	   	   (2.2)	  

Time and concentration data from each SBI were fitted to this equation using the 

Microsoft Excel solver function.  Fitting parameters were P/kloss, H2O2, kloss, H2O2, and an [H2O2]0 

value for each bottle. 

 

2.2.3 Measurement of H2O2 production in fresh net tow and bacterial enrichment samples 

Because production and decay rates in SBIs of unfiltered seawater were at or below 

detection limit, attempts were made to increase biological production rates by concentrating 

larger microbes.  Net tow samples were collected in visible blooms of Trichodesmium sp. on 

7/20/2012 and 7/24/2012 by towing a 20 µm net for ~15 min.  Macroscopic organisms were 

removed by Pasteur pipet.  Fresh net tow samples for SBIs were then prepared by adding 225 mL 

filtered 25 m seawater to 25 mL of net tow sample in 250 mL Nalgene (for dark) or Teflon (for 

light) bottles.  To allow for bacterial enrichment (likely epibionts), 250 mL of net tow sample 

was diluted with 750 mL filtered seawater in a Teflon bottle and pre-incubated at room 

temperature for 12-24 hrs under a grow light. The pre-incubation took place under a grow light 

(35 µmol photons m-2 s-1) in an attempt to minimize the stress on the photosynthetic organisms. 

One of two fresh net tow samples (as well as several of the bacterial enrichment samples) were 
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also incubated under the light to see if dark-induced stress on phytoplankton would affect H2O2 

production. 

The sample was further diluted to create bacterial enrichment samples for SBIs by adding 

150 mL filtered 25 m seawater to 100 mL of sample in each 250 mL HDPE bottle, which was 

either incubated in the light or in the dark.  The light source for both bacterial enrichment and 

fresh net tow incubations was a grow light (35 µmol photons m-2s-1).  Duplicate sets of SBIs 

were run for each treatment. 

 

2.2.4 Calculation of photochemical production at Station ALOHA 

The rate of photochemical production of H2O2 was estimated by assuming that all 

incident photons are absorbed throughout the top 70 m, which roughly corresponds to the depth 

of the mixed layer observed at Station ALOHA. The depth-averaged production rate, Pphoto (units 

of mmol m-3) was then calculated using the equation: 

  𝑃!!!"! =
!!!,!"# ! ! !

!
      (2.3) 

where λ is wavelength in nm, Φ(λ) is the wavelength-dependent apparent quantum yield in 

mmol meinstein-1, z is the total depth of 70 m, and Eo,ave(λ) is the 24-hour average of 

downwelling (sum of diffuse and direct) spectral irradiance in meinstein m-2 in a 1-nm 

wavelength range. Φ(λ) values were interpolated from a linear regression of ln Φ vs. λ measured 

by Kieber et. al. (2014) at 25oC; mixed-layer temperatures were 23oC to 25oC so temperature 

corrections were neglected.  The linear regression was performed using data for samples from 

Station ALOHA (using Table A2.2, Miller, 2000) and yielded the function: 

  Φ 𝜆 = 1.9exp  (−0.0263λ)     (2.4) 
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Hourly values of Eo(λ)	  for July 19 at 22o45’ N latitude between 280 and 419 nm were obtained 

from the National Center for Atmospheric Research Quick total ultraviolet (TUV) calculator 

using the default settings for overhead ozone column (300 Dobson units) and surface albedo 

(0.1). The twenty-four hourly values were then averaged to obtain Eo,ave	  (λ)	  values. These 

Eo,ave(λ)	  values represent the clear-sky irradiance in the air immediately above the water; the 

effect of reflection on the penetration of this light into the water column was neglected in this 

calculation, but is less than 10% (Zepp and Cline, 1977). The contribution of wavelengths longer 

than 419 nm in Equation 2.3 was also neglected since the TUV calculator did not provide these 

Eo(λ)	  values. This contribution could be as high as 20% of the reported photochemical 

production rate, based on a visual extrapolation of our action spectrum. However, the wavelength 

dependence of	  Φ(λ) was not measured above 400 nm, and there is no a priori reason to assume 

that it continues to be log linear in this wavelength range; a steeper decay of Φ(λ) with 

increasing wavelength than that predicted by Equation 2.4 would make the contribution of these 

wavelengths much smaller than 20% (Andrews et al., 2000.) 

 

2.3 Results 

At Station ALOHA, the seawater H2O2 concentrations from the 25 m depth averaged 73 ± 11 nM 

(n=4) in initial unfiltered seawater at the time of sampling.  Filtering the seawater (FSW) did not 

significantly change the H2O2 concentrations, with measured filtered seawater values of 63 ± 7 

nM (n=4).  (A two-tailed t-test with P=0.05 was used for all of the significance testing described 

in this section, and reported uncertainties represent one standard deviation).  On three days, a 3-

point depth profile of unfiltered seawater was collected.  The H2O2 concentrations decreased 

significantly with depth, with measured concentrations of 30 ± 8 nM and 10 ± 4 nM for 
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unfiltered seawater from 75 m and the deep chlorophyll maximum (DCM, 120-130 m) (Table 

2.1, Figure 2.1). 

Overall, the trend of a decrease with depth also held true for H2O2 production and decay 

rates, but the differences were not significant on a 95% confidence level.  Production rates 

(PH2O2) were 1.2 ± 0.9, 0.5 ±0.2, and 0.1 ± 0.1 nM hr-1 for unfiltered seawater from 25 m (n=4), 

75 m (n=3), and the DCM (n=2), respectively, while decay rate coefficients (kloss,H2O2) for these 

depths were 0.021 ± 0.016, 0.016 ± 0.007, and 0.006 ± 0.004 hr-1 (Table 2.1, Figure 2.1). For 

comparison, our estimate of H2O2 photoproduction rate, averaged over 24 hours and a depth of 

75 m, was 0.6 nM hr-1. There was significantly less variation in both production and decay rates 

in the filtered samples (F-test, p<0.05);  filtered seawater had production rates of 0.6 ± 0.1 nM 

hr-1 and decay rate coefficients of 0.010 ± 0.001 hr-1 (n=4).   

 

Table 2.1. Measured parameters for H2O2 at Station ALOHA in July 2012. USW refers to 
unfiltered seawater while FSW refers to filtered seawater. 

 

 
Date 

Depth 
(m) 

 
Sample 

kloss,H2O2  
(hr-1) 

Initial [H2O2] 
(nM) 

Steady State [H2O2] 
(nM) 

Production  
(nM hr-1) 

7/18 25 USW 0.041 60 54 2.3 
 45 USW 0.048 67 60 2.9 
 75 USW 0.025 36 28 0.7 
7/19 25 FSW 0.010 66 55 0.6 
 25 USW 0.015 65 55 0.8 
7/20 25 USW 0.003 54 55 0.2 
 75 USW 0.011 21 47 0.5 
 120 USW 0.003 12 11 0.0 
7/21 25 FSW 0.010 88 77 0.7 
7/22 25 USW 0.022 71 70 1.5 
 75 USW 0.013 32 29 0.4 
 130 USW 0.009 7 7 0.1 
7/23 25 FSW 0.008 72 60 0.5 
7/25 25 FSW 0.011 65 64 0.7 
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Figure 2.1. Correlation of H2O2 production rates and decay rate coefficients at Station ALOHA, 
7/18/2012 through 7/25 2012. The trendline represents the correlation for unfiltered seawater) 
samples from the mixed layer (above 70 m) and has a slope of 58.5 nM. 
 

There was a strong correlation (R2= 0.989) between production and decay for both filtered and 

unfiltered seawater from within the mixed layer (25 m and 45 m samples) (Figure 2.1). 

Because biological production and decay rates were low in unfiltered seawater, attempts 

were made to concentrate microbes.  Samples were collected by net tow and either processed 

immediately (fresh net-tow), or pre-incubated, that is, allowed to sit at room temperature under a 

grow light for 12-24 hours first to promote bacterial growth (bacterial enrichment).  Production 

and decay rates for samples were then evaluated using the spiked batch incubation technique 

under light or dark conditions.  Replicates were only performed for the light bacterial enrichment 

samples, and yielded steady state [H2O2] of 19 ± 4 nM, PH2O2 of 4.5 ± 0.2 nM hr-1, and kloss, H2O2 

of 0.240 ± 0.042 hr-1 (Table 2.2).  The values of the parameters measured in the dark ([H2O2] of 
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17 nM, PH2O2 of 3.9 nM hr-1, and kloss,H2O2 of 0.23 hr-1) did not differ significantly from those 

measured in the light (t-test, assuming the measurement uncertainty of these parameters for the 

dark bacterial enrichment samples is similar to that for the light bacterial enrichment samples). 

Because the fresh net tow sample incubations yielded data with poor fits, it is not clear 

whether the difference in production rates between light and dark (4.5 and 8.4 nM hr-1, 

respectively) is due to methodological uncertainty or attributable to an actual phenomenon.  

However, the decay rate coefficient of 0.036 ± 0.026 hr-1 was clearly slower than that of the 

bacterial enrichment samples (Table 2.2).  

 

2.4 Discussion 

H2O2 concentrations at given depths corresponded well with previously reported data for 

Station ALOHA (Gasc et al., 2002).  Yuan and Shiller reported a lower value of 55 nM for 

shallow surface water concentrations, which likely reflected the seasonal variation in H2O2 as 

shown by Gasc et al. (2002).  We could only find a single previous measurement of H2O2 decay  

 

Table 2.2. Rates of H2O2 production and first-order loss coefficient in fresh net tow (FNT) and 
bacterial enrichment (BE) samples from Station ALOHA in July 2012. 
 

	  

 

 
Date 

 
Sample 

 
Condition 

kloss,H2O2 
(hr-1) 

Initial [H2O2] 
(nM) 

Steady State 
[H2O2] (nM) 

Production 
(nM hr-1) 

7/21 BE light 0.228 85 20 4.8 
 BE light 0.293 100 14 4.4 
7/24 FNT dark 0.047 137 175 8.4 
 FNT light 0.025 176 177 4.5 
7/25 BE light 0.199 60 22 4.4 
 BE dark 0.234 56 17 3.9 
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	  rate coefficient at Station ALOHA (0.005 hr-1; Yuan and Shiller, 2005), but because the value 

was measured over a 4-day incubation time with no attempt to correct for simultaneous 

production, it is not directly comparable to our measurements.	  

 

2.4.1 Variability in H2O2 production and decay rates 

Because the volume of water required for SBIs made it impossible to perform replicates 

on a given day, we could not directly determine whether the large variability in H2O2 production 

and decay rates at 25 m depth was greater than our methodological uncertainty.  However, the 

strong correlation between H2O2 production and decay rates in the mixed layer samples (25 m 

filtered, 25 m unfiltered, and 45 m unfiltered), as well as the observation that variability was 

much smaller in filtered samples, suggest that natural biological variability played a role.  The 

slope of the regression line for mixed-layer (25 m and 45 m) samples, 58.5 nM, reflects the 

average steady-state concentration of H2O2 in the absence of photochemical sources, and was 

very similar to the slope observed in the Gulf of Alaska (64.6 nM, Vermilyea et al., 2010).  

Vermilyea et al. (2010) speculated that the correlation could simply be a result of both 

production rates and decay coefficients being proportional to cell density, but it could also reflect 

a biological feedback response.  In any case, both the predicted steady-state [H2O2] (given by 

PH2O2/kloss, H2O2 from each incubation) and the H2O2 concentrations we measured in the water 

samples (Table 2.1) were always well below the 150-200 nM that would be toxic to 

Prochlorococcus (Morris et al., 2011). 
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2.4.2 Bacterial enrichment and fresh net tow samples 

Production rates for both bacterial enrichment and fresh net tow sample were 

considerably higher than those of ambient seawater, with rates of 3.9 to 8.4 nM hr-1 for 

concentrated samples vs. <3.0 nM hr-1 for ambient seawater.  These high production rates were 

most likely the result of concentrating H2O2-producing microbes during the net tow.  While an 

increase in the rate of extracellular H2O2 production in bacterial enrichment and fresh net tow 

samples compared to that in ambient seawater could also be caused by leakage of H2O2 or H2O2-

producing compounds by organisms stressed during the net tow, we might expect a decrease in 

the rate of H2O2 production with time (i.e. a lower production rate in the bacterial enrichment 

samples than in the fresh net tow samples), either as the organisms recover or as H2O2-producing 

compounds are used up in the medium. The fact that PH2O2 did not decrease over the course of 

the pre-incubation indicates that the increase in H2O2 production is more likely due to 

concentration of the organisms during the net tow rather than from stress. 

 Another possibility is that bacterial growth (most likely epibionts) occurred during the 

pre-incubation step, in which case we would expect the bacterial enrichment production rates to 

be greater than the fresh net tow production rates.  Since the H2O2 production rates in the 

bacterial enrichment and fresh net tow samples were similar, it is more likely that the increase 

over unaltered seawater samples is due to concentration of H2O2-producing organisms. 

The higher decay rates of the bacterial enrichment incubations compared to the fresh net 

tow samples (Table 2.2) may indicate that a change occurred in the microbial community during 

the pre-incubation step used to generate the bacterial enrichment samples, for example, an 

increase in the population of heterotrophic bacteria.  Alternatively, it may mean that the existing 

population adapted to the change in environment by accelerating decay rates. 
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2.4.3 Summary 

Dark, presumably biological, H2O2 production in the Prochlorococcus-dominated 

oligotrophic waters of Station ALOHA was found to be approximately equal to photochemical 

production. The large day-to-day variability seems to be a function of biological variability 

rather than methodological uncertainty, as PH2O2 measurements in the mixed layer are well 

correlated with kloss,H2O2. Microbial concentration experiments suggest that H2O2 production is 

linked to microbial density in general, while decay rates are linked to bacterial abundance. 
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CHAPTER 3 

SPECIES-LEVEL VARIABILITY IN EXTRACELLULAR PRODUCTION RATES OF 

REACTIVE OXYGEN SPECIES BY DIATOMS 

 

This chapter is taken directly from an article of the same name, authored by Robin J. 

Schneider, Kelly L. Roe, Colleen M. Hansel, and Bettina M. Voelker, to be submitted to 

Frontiers in Microbiological Chemistry. Superoxide studies in this manuscript were performed 

by Kelly Roe. 

 

3.1 Introduction 

The reactive oxygen species (ROS) superoxide radical (O2
-), hydrogen peroxide (H2O2), 

and hydroxyl radical (OH•) are intermediates in the sequential one-electron reduction of oxygen 

to water, and are important to the biogeochemical cycling of trace metals and carbon. 

Photochemical production of O2
- in the marine environment has been well studied, and 

occurs when photo-excited chromophoric dissolved organic matter (CDOM) transfers an electron 

to dissolved O2 to generate O2
- (Cooper et al., 1988; Shaked et al., 2010). Biological production 

of O2
- also occurs in marine environments, but is less well understood than photochemical 

production (Rose et al. 2010). The typical removal pathways for O2
- are by a disproportionation 

reaction (Cooper and Zika, 1983; Moffett and Zafiriou, 1990; Petasne and Zika, 1987) and by 

redox reactions with trace metals and organic matter (Goldstone and Voelker, 2000; Voelker et 

al., 1995). 
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H2O2 is produced through dismutation of O2
- and through reaction of O2

- with reduced 

metals; it therefore has the same photochemical and biological sources as O2
-. In addition, H2O2 

can be produced biologically without O2
- as a precursor (Palenik et al., 1987). H2O2 can 

decompose through reaction with reduced metals to form OH•; however, in marine 

environments, the predominant method of decay is likely to be enzymatic destruction (Petasne 

and Zika, 1987; Herut et al., 1998; Yuan and Shiller, 2001). 

Field studies have shown that particle-associated production of ROS occurs in the ocean 

(Avery et al. 2005; Rose et al., 2008; Hansard et al., 2010) and that this production is affected by 

biological inhibitors (Moffett and Zafiriou, 1990; Rose et al., 2010), indicating that it is of 

biological origin. Recent studies by Vermilyea et al. (2010) and by Roe et al. (in review) show 

that dark production of H2O2 in the Gulf of Alaska and at Station ALOHA is significant 

compared to photochemical production, indicating that biological ROS production may 

significantly impact biogeochemical cycles in the ocean. Thus, it is important to consider which 

organisms produce ROS, how they do so, and why. 

Most culture studies of biological extracellular ROS production have been performed on 

ichthyotoxic organisms that negatively impact the fishing industry. Chattonella marina, in 

particular, along with other raphidophyte species (see, e.g., list in Marshall et al., 2012) have 

been studied intensively.  However, from a global perspective, it is interesting to consider the 

more common phytoplankton—diatoms, coccolithophores, and cyanobacteria—which are more 

likely to influence biological production of ROS in the majority of the ocean. Extracellular 

production rates have been quantified in only a few non-ichthyotoxic species to date (Table 3.1): 

the diatoms Thalassiosira pseudonana and T. weissflogii, coccolithophore Pleurochrysis 

(Hymenomonas) carterae, and cyanobacteria Synechococcus sp., Lyngbya majuscula and  
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Table 3.1 Previously published phytoplankton studies showing cell-normalized production of 
superoxide (PO2-,cell) and hydrogen peroxide (PH2O2,cell). Dashes indicate that the study did not 
examine production of that ROS; ND indicates that the researchers attempted to measure the 
ROS but did not detect it. 
 
 
 
Organism 

 
 
Type 

 
 
Study 

PO2-,cell 
(10-17 mol  
cell-1 hr-1) 

PH2O2,cell 
(10-17 mol  
cell-1 hr-1) 

A. nidulans cyanobacterium Scholz et al. (1995) N/A 500 
Synechococcus cyanobacterium Rose et al. (2008) 4-10 N/A 
H. carterae coccolithophore Palenik et al. (1987) ND 1-2 x 103 

T. weissflogii diatom Palenik et al. (1987) -- ND 
  Milne et al. (2009) 25-132 11-66 
  Kustka et al. (2005) 84 -- 
  Rose et al. (2008) 80-140 -- 
T. pseudonana diatom Rose et al. (2008) 40-83 -- 
  Waring et al. (2010) -- 7-14 
C. antiqua raphidophyte Oda et al. (1997) 6.6 x 105 8.0 x 104 

C. marina raphidophyte Oda et al. (1997) 1.6 x 106 5.2 x 105 

  Yamasaki et al. (2004) -- 2.8 x 106 

K. mikimotoi raphidophyte Yamasaki et al. (2004) -- 2.6 x 105 

H. akashiwo raphidophyte Twiner and Trick (2000) -- 1.8 x 103 

O. luteus raphidophyte Kim et al. (1999) 6.6 x 103 1.0 x 104 

 
 

Anacystis nidulans. Compared to raphidophytes, these species of phytoplankton have cell 

normalized O2
- and H2O2 production rates that are up to five orders of magnitude lower (Table 

3.1). 

Previous studies suggest that ROS production may occur for different reasons in different 

organisms. Palenik et al. (1990) showed that P. carterae produced H2O2 as a byproduct of uptake 

of organic nitrogen sources. Two organisms, Trichodesmium (Roe and Barbeau, 2014) and 

Lyngbya majuscula (Rose et al., 2005) have been postulated to use O2
- as a reductant to facilitate 

biological uptake of iron. In contrast, production of superoxide was not beneficial for iron uptake 

by T. weissflogii (Kustka et al., 2005); an alternative explanation for superoxide production by T. 

weissflogii  has not been proposed. Alternatively, O2
- has also been proposed as a cell signal and  
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autocrine growth promoter in C. marina and Prymnesium parvum that is required for cell 

proliferation (Marshall et al., 2005; Oda et al., 1995). 

Extracellular H2O2 could be produced simply via dismutation or reduction of biologically 

produced O2
-, or due to direct production by a separate mechanism. Thus, one way to gain a 

better understanding of H2O2 production mechanisms is to determine the relationship between 

extracellular O2
- and H2O2 production rates.  Of the previous studies on ROS production by non-

raphidophytes, only two (Palenik et al., 1987; Milne et al., 2009) measured both species directly. 

In the first study, P. carterae produced H2O2 without O2
- production during uptake of organic 

nitrogen (Palenik et al., 1987). By contrast, the ratio between O2
- and H2O2 production by T. 

weissflogii under high light conditions was around the 2:1 ratio expected for production of H2O2 

via the superoxide dismutation pathway (Milne et al., 2009). 

Observations of the effect of light on rates of biological production of both O2
- and H2O2 

are also important for a better understanding of conditions that stimulate production and possibly 

the underpinning mechanisms. Milne et al. (2009) showed increased extracellular production of 

O2
- by T. weissflogii under high light conditions (150-500 µmol photons m-2 s-1), and Waring et 

al. (2010) showed increased H2O2 production under high light (1000 µmol photons m-2 s-1). 

Nevertheless, enhanced O2
- production cannot be a direct byproduct of photosynthesis, as O2

- 

cannot pass the cell membrane (Seaver and Imlay, 2001). Instead, stimulated photosynthetic 

activity would lead to increased intracellular NADPH pools that could serve as a source of 

reducing equivalents to transmembrane NADPH oxidoreductases proposed to be involved in 

extracellular superoxie production (see for instance, Kawano et al., 1996 and Kustka et al., 

20??). Another possibility could be that light-induced ROS production is due to a passive 
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biological mechanism (e.g., outer membrane proteins and/or pigments) on the cell surface; if so, 

ROS production in the light could continue even after cell death. 

Finally, ROS production rates are typically reported as either net production or gross 

production rates, which does not take into account the contribution of decay to ROS 

concentrations. Diaz et al. (2013) showed that net O2
- production rates by heterotrophic bacteria 

could be significantly affected by decay. Thus, to obtain gross production rates, decay and 

production rates should be addressed in conjunction with each other. In addition, although Wong 

et al. (2003) found that killed organisms decompose substantially less H2O2 than live ones, no 

study has yet been done whether there is a similar effect on ROS production. 

The goals of this study were to measure O2
- and H2O2 production by common 

phytoplankton and to identify pathways involved in their formation. We focused on five species 

of diatoms, three of which were in the same genus. Production of both ROS was measured in 

parallel by both live and killed cultures under light and dark conditions. In addition to measuring 

production rates, we also determined recoveries of the ROS during measurement. This not only 

allowed us to quantify gross, rather than net production, but also served as a measurement of the 

relative ability of these organisms to break down ROS under different conditions. 

 

3.2 Materials and Methods 

Five marine diatom species were used in this study: Thalassiosira pseudonana (CCMP 

1335), Phaeodactylum tricornutum, Cyclotella cryptica (CCMP 332), Thalassiosira oceanica 

(CCMP 1005), and Thalassiosira weissflogii (CCMP 1336). Axenic cultures were obtained from 

the National Center for Marine Algae (NCMA). Maintenance cultures were grown in acid-

washed polycarbonate flasks in Guillard’s F/2 medium (Sigma) under grow lights at 20oC at 100 



	   28	  

µmol photons m-2s-1 (as measured by a LI-COR LI-250 light meter and LI-190 Quantum/PAR 

sensor) with a 12 hr light:dark cycle. Maintenance cultures were transferred to fresh medium 

every two weeks. An aliquot was taken from the maintenance culture during exponential growth 

to start the experimental culture, which was grown to mid-exponential phase under the same 

conditions in F/2 medium before being harvested for the experiment. On the day of the 

experiment, an aliquot of experimental culture was removed for measuring cell density on a 

Beckman Z2 Coulter counter. All cultures were checked for purity with marine purity broth 

(Saito et al., 2002) or, for P. tricornutum, by making slides of DAPI-stained cultures. The 

analytical medium was an artificial seawater (hereafter refered to as ASW) based on a modified 

Aquil medium (Price et al., 1989) where only the major salts were added and chelexed, adjusted 

to pH 8, and amended with 10 µM diethylenetriaminepentaacetic acid (DTPA) (Sigma). 

Cells were harvested for each experimental run by removing an aliquot (~5 mL to get 

~106 cells) of the experimental culture from the light and loading it directly on to an acid washed 

(0.1 M HCl) 25 µm 0.45 mm cellulose acetate syringe filter (VWR). The total number of cells on 

each filter was estimated based on multiplying the cell density per mL by the volume of culture 

loaded. The filter disk was positioned parallel to the floor for the whole experiment. For H2O2 

measurements, cells were generally loaded onto the filter using a peristaltic pump (0.6 mL  

min-1). In a few experiments, cells were gently loaded using a syringe (~5 mL/min). For O2
- 

measurements, the culture was loaded onto the filter using a peristaltic pump at 3 mL min-1, and 

the pump was briefly stopped (<2 s) while the tubing was moved from the ASW bottle to the 

culture bottle to avoid trapping air on the filter. Once the cells were loaded onto the filter, they 

were exposed to either light (75 µmol photons m-2 s-1) or dark (wrapped in foil) conditions for 

the remainder of the run. 
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A 4% formaldehyde killed control was allowed to incubate for ~2 hrs before the cells 

were rinsed on a 2.0 µm filter and resuspended in fresh F/2 medium. The killed culture was then 

placed back in the growing conditions for ~1 hr before being harvested for the experiment. A 

second killed control was maintained in the growth conditions for a week to ensure that this 

procedure successfully killed each organism. 

Each organism was analyzed on two separate days, and on each day, six experimental 

runs were performed: two runs with live organisms kept in the dark; two runs with live 

organisms in the light; and one run each with killed organisms in the light and in the dark. 

 

3.2.1 O2
- detection 

O2
- was detected with a flow injection system (FeLume Mini, Waterville Analytical) with 

the use of the MCLA chemiluminescence probe. The MCLA reagent was composed of 30 µM 

DTPA, 5 µM 2-methyl-6-[p-methoxyphenyl]-3,7-dihydroimidazo[1,2-a]pyrazin-3-one (MCLA) 

(TCI America), and 0.2 M MES hydrate buffer (Sigma), adjusted to pH 6.0 with ~0.074 M 

NaOH (Sigma). The flow injection system was set up to directly pump the ASW and MCLA 

reagent into a flow cell at a flow rate of 3 mL min-1 (Figure 3.1). The flow cell was made of 

tygon tubing, which sat directly under a photomultiplier tube (model H9319-11, Hamamatsu). 

The PMT was set to integrate the signal over 20 ms, a collection time of 10 periods, with the 

default setting for PMT voltage, and two data points were collected every second. All 

measurements were made in a positive pressure clean hood. 
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Figure 3.1. Schematic of O2
- setup for the FIA system. O2

- setup shows the experimental medium 
and MCLA reagent being pumped at 3.0 mL min-1 into the FIA flow cell where a photomultplier 
tube detects the chemiluminescence signal. The phytoplankton  cells are immobilized on the 
filter where they could be exposed to light or dark conditions. The filter was positioned as close 
to the flow cell as possible with the filter disk parallel to the floor. 
 

3.2.2 O2
- measurements—Calibration 

Calibration of the instrument was completed at the start of each experimental day using 

ASW. An acid-washed 25-mm 0.45-µm cellulose acetate filter was used during calibration to 

mimic runs in the presence of cells as closely as possible. A primary O2
- stock solution was made 

fresh for each calibration point by adding a small amount of KO2 powder to a solution of 30 µM 

DTPA and 0.032 M NaOH (nominal pH 12.5) (Heller and Croot, 2010). The O2
- concentration in 

the primary stock was calculated by measuring the absorbance of the solution before and after 

addition of 2.4 U mL-1 of Cu/Zn superoxide dismutase (Sigma) on a Black-comet UV/Vis 

spectrometer with a SL5 Deuterium/Halogen light source (Stellar Net Inc) at 240 nm and 

dividing the difference in absorbance by the molar extinction coefficient corrected for H2O2 

absorbance at pH 12.5, 2183 cm-1 M-1 (Bielski et al., 1985). A known volume of the primary O2
- 

stock solution was withdrawn immediately after the absorbance measurement (before addition of 

superoxide dismutase) and transferred into a solution of 10 µM DTPA and 1 mM NaOH to make 

the working stock. A small volume of the working stock was then spiked into the ASW (at a 
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ratio not exceeding 100 µL: 100 mL ASW), and the chemiluminescence signal was monitored 

over time. A maximum of 3 min passed between the absorbance measurement of the primary O2
- 

stock and the addition of the working stock spike to the sample. The output signal was then fit to: 

 𝑅!   =   𝑅!"   +   𝑅!!!(!!!"##,!!!!)     (3.1) 

where Rt is the measured response at time t, RBL is the baseline response, Rt=0 is the baseline 

corrected response at t=0, and kloss,O2- is the pseudo-first order decay constant in the analytical 

medium. Microsoft Excel’s Solver function ws used to minimize the sum of the squares of the 

differences between the actual data and the model to determine best fit values of RBL, Rt=0, and 

kloss,O2-. The sensitivity (S) of the response was then determined as: 

   𝑆   =    !!!!!"#$%
[!!!]!"#$%

          (3.2) 

An average of four S measurements was used for each calibration. [O2
-]spike generally ranged 

from 0.207 to 1.079 nM and no dependence of S on [O2
-]spike was observed and decays were well 

fit by first-order decay kinetics (Equation 3.1) in all cases. 

 

3.2.3 Calculation of O2
- production and percent recovery from cultures 

The experimental run was initiated by pumping fresh ASW over an acid-washed 25-mm 

0.45-µm cellulose acetate filter for ~4 min to get a steady baseline signal (region 1 in Figure 3.2), 

RASW. The pump was then briefly stopped (< 3 s) while the tubing was switched to the culture. 

The cells were then loaded on to the filter through the pump, which took less than 2 min (region 

2 in Figure 3.2). The pump was again briefly stopped (< 3 s) while the tubing was switched back 

to the ASW. The signal was then monitored for 15-20 min (region 3 in Figure 3.2), with Rcell 

obtained as the average of the 500 counts taken at the end of this time period. A O2
- spike was 

then added to the ASW from a freshly prepared working stock solution, as described for the  
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Figure 3.2. Example of a O2

- run with phytoplankton cells. Region 1 shows signal when ASW is 
passed over the filter. Region 2 shows signal when cells are loaded onto the filter from F/2 
medium. Region 3 shows the signal when ASW is passed over the cells. Region 4 shows the 
signal from the O2

- spike (15% recovery) with the solid line showing the model fit to the spike. 
Region 5 shows the signal when ~0.24 U mL-1 (~1.6 nM) SOD is added. 

 

calibration procedure above, and the signal was monitored for ~10 min (region 4 in Figure 3.2). 

Finally, superoxide dismutase (SOD) was added to the ASW at a final concentration of ~0.24 U 

mL -1 (~1.6 nM) (region 5 in Figure 3.2). RSOD was obtained as the average of 100 counts taken 

as soon as the signal stabilized after the SOD addition. 

The recovery (RecO2-) was calculated from: 

 𝑅𝑒𝑐!!!   =   
!"#$%&$'  !!"#$%  !"##
!"#$%&$'  !!"#$%  !"##

    (3.3) 

Since the quantity of the O2
- spike was known, the S determined in the calibration was used to 

calculate the expected Rspike cell. The observed Rspike cell was obtained by fitting the spike data 
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(region 4 in Figure 3.2) to equation 4.1, with RBL fixed to the value of Rcell and Rspike cell replacing 

Rt=0 in the equation. 

The increase in O2
- concentration due to production by the cells was then calculated from: 

 [𝑂!!]!"##     =     
!!"##!!!"#
!  ×  !"#$%!

−    [𝑂!!]!"#   (3.4) 

where [O2
-]ASW was calculated according to: 

 [𝑂!!]!"#	  =	  (
!!"#  –  !!"#

!
)	   	   	   	   	   (3.5) 

The cell-normalized production rate PO2-,cell (nmol cell-1 hr-1) was determined by: 

 𝑃!!! =   
!!! !"##×  !  

!  
       (3.6) 

where Q is the flow rate (L hr-1) and N is the total number of cells on the filter. 

Our calculations of [O2
-]cell and [O2

-]ASW above assume that the difference between RASW 

and RSOD is due to a background concentration of O2
- in the ASW. We have tested this 

assumption in another work (Roe et al., in prep), where we observed that small (<0.1 nM) 

additions of SOD to the ASW bottle decreased RASW proportionally to the resulting increase in 

O2
- decay rate. This gradual decrease in RASW-RSOD with increasing SOD concentration can 

therefore be attributed to a “bottle blank” created by a constant background production rate of 

O2
- in the ASW bottle, which could be due to compounds entering from the atmosphere or to 

redox reactions occurring at the bottle wall or in the ASW. The final large addition of SOD to the 

ASW bottle to establish RSOD caused an additional small decrease in signal, indicating that there 

is another effect of SOD beyond eliminating the “bottle blank” O2
-, which we will call a method 

blank. By not accounting for the method blank separately, we are essentially assuming that it will 

be affected by the decreased recovery in the presence of cells the same way that the O2
- bottle 

blank is affected. However, because the method blank is small, this assumption does not add 

much uncertainty to our reported measurements. The method blank in DTPA-amended ASW 
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corresponded to a contribution to [O2
-]ASW (as defined by equation 3.5) of 0.015 ± 0.006 nM 

(n=7) (Roe et al., in preparation). If the method blank in the present study is similar to that 

measured by Roe et al., but not affected by recovery, our reported values of [O2
-]cell would 

represent an overestimate of 6 ± 4%. 

 

3.2.4 H2O2 detection 

H2O2 was measured by flow injection analysis using a Waterville Analytical FeLume 

system and the base-catalyzed chemiluminescent reaction with acridinium ester as described by 

Cooper et al. (2000) and King et al. (2007), which can be summarized as follows: a slug (~0.5 

mL) of sample was pushed into the system by a stream consisting of a catalase-treated artificial 

seawater (ASW) (Price et al., 1988). The sample then combined with the acridinium ester 

reagent (10 µM, pH 3) in a mixing tee. Next the sample/acridinium ester mixture entered a flow 

cell, where it mixed with carbonate buffer (0.02 M, pH 11.2). The photons produced by the 

reaction were measured by a photomultiplier tube (Figure 3.3). 

A calibration curve was created at the beginning of each experimental day by standard 

additions of H2O2 stock to aliquots of ASW. 

 

3.2.5 Calculation of production rates and recovery for H2O2 

For each experimental run, filter-sterilized ASW flowed through a peristaltic pump at 0.6 

mL min-1 over an empty acid-washed (0.1 M HCl) filter and directly into the FeLume system 

until a steady-state concentration of H2O2 was detected (Region A in Figure 3.4). Next, the cells 

were loaded onto the filter as described above, and the H2O2 was again monitored until a steady 

state was reached (Region B in Figure 3.4). Then the ASW was spiked with additional H2O2 
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Figure 3.3. Schematic of flow-injection system for measuring H2O2. Setup shows the 
experimental medium being pumped at 0.6 mL min-1 by the first peristaltic pump, while the 
carrier, acridinium ester, and carbonate buffer are pumped by a second peristaltic pump at 2.0 
mL min-1 into the flow cell where a photomultiplier tube detects the chemiluminescence signal. 
 
 
and flowed over the cells and measured (Region C in Figure 3.4). Finally, the filter was 

disconnected from the ASW stream and the H2O2 of the spiked ASW was quantified (Region D 

in Figure 3.4). Recovery (RecH2O2) for each experimental run was calculated with the equation: 

   𝑅𝑒𝑐!!!! =
!!!! !"#$%&,!"##$! !!!! !"#$%&'(,!"##$

!!!! !"#$%&,!"#$%&! !!!! !"#$%&'(,!"#$%&
      (3.7) 

where [H2O2]unspiked,direct is the concentration of the filter effluent with no cells present on the 

filter, [H2O2]unspiked,cells is the concentration measured after the cells were loaded, [H2O2]spiked,cells 

is the concentration measured after spiking the ASW with H2O2, and [H2O2]spiked, direct is the 

concentration of the spiked ASW measured directly (i.e. bypassing the filter). The denominator, 
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Figure 3.4. Example H2O2 run using data points from T. pseudonana on 7/7/2014, showing (A) 
unamended ASW passed over filter; (B) unamended ASW passed over cells; (C) ASW spiked 
with H2O2 passed over cells; (D) spiked ASW measured directly. 
 
 
then, represents the increase in [H2O2] in the medium due to the addition of the H2O2 spike, and 

the numerator represents the measured increase in the presence of cells. Calculation of recovery 

in this manner assumes that the cells on the filter break down the same fraction of H2O2 from 

both the spiked and unspiked medium. 

The increase in [H2O2] due to cell production, [H2O2]cell (nmol L-1) for a given 

experimental run was calculated with the equation: 

  𝐻!𝑂! !"## =
!!!! !"#$%&'(,!"##$

!"#!!!!
  − 𝐻!𝑂! !"#$%&'(,!"#$%&   (3.8) 

A cell-normalized production rate PH2O2 (nmol cell-1 hr-1) was then calculated with the equation: 

     𝑃!!!! =
!!!! !"##×!

!
             (3.9) 
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where Q is the flow rate (L hr-1) and N is the number of cells on the filter, calculated from the 

measured cell density in the experimental culture and the volume of culture loaded onto the 

filter. 

 

3.2.6 Spiked batch incubations with spent culture medium 

The ability of spent culture medium from P. tricornutum to produce and decay ROS was 

assessed by using spiked batch incubation methodology, as described in Vermilyea et al. (2010). 

Briefly, mid-exponential P. tricornutum cultures were filtered using 0.22 µm PES syringe filters 

(Millipore) at approximately 10 mL min-1, changing the syringe filters after every 10 mL 

ofculture. The filtrate was collected in two 60-mL syringes (Kendell Mono-ject), one of which 

was then spiked with additional H2O2 to determine whether simultaneous H2O2 decay took place. 

The syringes were then incubated at room temperature in the dark and [H2O2] was monitored 

over a period of several hours to determine production and decay rates. 

If production is constant per unit volume and decay is first-order with respect to [H2O2], 

the change in [H2O2] over time can be given by the equation: 

    ! !!!!
!"

= 𝑃!!!! − 𝑘!"##,!!!! 𝐻!𝑂!      (3.10) 

Time and concentration data from each SBI were fitted to the solution to differential equation 

3.10: 

 𝐻!𝑂! = !!!!!
!!"##,!!!!

− !!!!!
!!"##,!!!!

− 𝐻!𝑂! ! 𝑒!!!"##,!!!!!        (3.11) 

using the Microsoft Excel Solver function with [H2O2]0 of each incubation and global PH2O2 and 

kloss,H2O2 values for both incubations as fitting parameters. 
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3.2.7 Replicates and measurement uncertainties 

Dark and light live production rates for O2
- and H2O2 were measured in duplicate on a 

given experimental day, while single measurements of killed dark and light production rates 

were measured each day. Data for each condition from two separate experimental cultures, 

examined on different days, were pooled for each organism. 

Statistical significance for all results was assessed using a two-tailed t-test with the 

minimum level for significance at p=0.05. Reported uncertainties in figures and text represent 

one standard deviation. 

 

3.3 Results 

Since three of the five diatom species were chosen from the same genus, Thalassiosira, to 

highlight similarities between related organisms, these results will be presented first, followed by 

results from the other diatom cultures.  

 

3.3.1 Thalassiosira culture O2
- production 

Successful measurements of PO2- were performed in cultures of all three Thalassiosira  

spp. under all four conditions (Figure 3.5). T. oceanica and T. pseudonana had similar live PO2-, 

with both dark and light live conditions giving production rates significantly greater than zero. T. 

oceanica had an average PO2- of 18.0 ± 3.9 x 10-17 mol cell-1 hr-1 in the light and 6.0 ± 0.8 x 10-17 

mol cell-1 hr-1 in the dark (n=4). T. pseudonana had an average PO2- of 13.9 ± 5.1 x 10-17 mol cell-

1 hr-1 in the light and 7.5 ± 1.5 x 10-17 mol cell-1 hr-1 in the dark (n=4). For both of these 

organisms, the live PO2- values were also considerably greater (~2-5 times) than the  
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Figure 3.5. Calculated O2
- production rates in genus Thalassiosira. Error bars represent one 

standard deviation. Hatched bars designate PO2- values not significantly different from zero. 
Letters designate rates significantly different from each other within each panel. 
 
 
Corresponding killed production rates, with the difference being statistically significant for all 

except the light T. oceanica values. T. weissflogii had much greater production rates than the 

other two species, 72.7 ± 2.3 x 10-17 mol cell-1 hr-1 in the light and 25.2 ± 7.6 x 10-17 mol cell-1 hr-

1 in the dark (n=2). However, because of the lower number of replicates for the T. weissflogii 

analyses, the measurement uncertainties for this species were high (recovery of O2
- was too low 

to allow measurement of PO2- in the replicate analysis). As a result, only the light live PO2- was 

significantly greater than zero for this organism, and the light production rates were not 

significantly different from those observed in the dark.  

The light treatments had a greater PO2- than the dark treatments (~2-8 times more) for all 

three organisms, and the differences were statistically significant for live and killed T. oceanica, 
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Figure 3.6. Differences between light and dark PO2- for both live and killed cultures in 
Thalassiosira spp. Error bars represent one standard deviation. 
 

killed T. pseudonana, and live T. weissflogii (Figures 1 and 2). The light-induced increase in live 

cultures did not differ significantly from the light-induced increase in killed cultures for any of 

the three organisms (Figure 3.6). 

 

3.3.2 Thalassiosira culture H2O2 production 

Of the three species of Thalassiosira studied, only live cultures of T. oceanica produced 

significantly more H2O2 in light than in dark conditions, 10.5 ± 4.6 x 10-17 mol cell-1 hr-1 (n=4) as 

opposed to 2.1 ± 2.1 x 10-17 mol cell-1 hr-1 (n=4) (Figure 3.7). T. pseudonana produced slightly, 

but not significantly, more H2O2 in light than in dark conditions: 22.4 ± 11.9 x 10-17 mol  
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Figure 3.7. Calculated H2O2 production rates in Thalassiosira spp. Error bars represent one 
standard deviation. Hatched bars designate H2O2 production rates that are not significantly 
different from zero. Letters designate rates significantly different from each other within each 
panel. 
 
 
cell-1 hr-1 (n=4) versus 18.9 ± 7.2 x 10-17 mol cell-1 hr-1 (n=4). By contrast, live cultures of T. 

weissflogii had H2O2 production rates indistinguishable from zero in both dark (n=3 with one 

statistical outlier, with a large negative production rate, removed) and light (n=4) experiments.  

Killed cultures of both T. pseudonana and T. oceanica had H2O2 production rates 

indistinguishable from zero, whereas H2O2 production by killed cultures of T. weissflogii was 

relatively high, 34.5 ± 29.8 x 10-17 mol cell-1 hr-1 in the dark (n=2) and 26.1 ± 7.6 x 10-17 mol 

cell-1 hr-1 in the light (Figure 3.7). 
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Figure 3.8. Calculated H2O2 production rates in C. cryptica and P. tricornutum. None of the 
H2O2 production rates are significantly different from zero. 
 
 
3.3.3 O2

- production in other axenic diatom cultures 
 

Live cultures of both Phaeodactylum tricornutum and Cyclotella cryptica were observed 

to produce a O2
- signal that could be detected above the ASW medium. However, a PO2- could  

not be calculated since the Observed Rspike cell was below the detection limit (0.054 ± 0.024 nM P. 

tricornutum; 0.033 ± 0.012 nM C. cryptica or <12 or <5% recovery, respectively). 

 

3.3.4 H2O2 production in other axenic diatom cultures 

In both live and killed cultures of both organisms, H2O2 production rates were either 

indistinguishable from zero or below detection limit (Figure 3.8). 
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Figure 3.9. Spiked batch incubations for (top) spent growth medium from P. tricornutum and 
(bottom) sterile F/2 medium. The circles indicate unaltered medium, while the squares indicate 
medium that has been spiked with additional H2O2. 

 

Although P. tricornutum cells did not appear to make ROS, concentrations of both H2O2 

and O2
- in the growth medium were high, suggesting that the cells secreted ROS-producing small 

molecules or enzymes. Cell-free spent culture medium had a H2O2 decay rate below detection 

limit and an H2O2 production rate that remained constant at 36.9 ± 9.1 nM hr-1 (n=2) over the 

course of 5 hours. Taking into account the original cell densities, this would equate to 50 x 10-17 

mol cell-1 hr-1. By contrast, sterile F/2 medium had decay of 0.2 hr-1 and production of 0.3 nM hr-

1 (n=1) (Figure 3.9). Due to the fast O2
- decay rates, PO2- could not be measured in the spent 

medium. 

 

3.3.5 O2
- Recoveries 

The O2
- spike could be detected in all Thalassiosira cultures, except for one of the 

replicate live T. weissflogii cultures. Each Thalassiosira species decreased the spike signal, with  
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Figure 3.10. O2
- recoveries for all five diatom cultures examined. Live values shown are 

averages from duplicate measurements in the same experiment with error bars showing standard 
deviation of the mean. The line represents a 1:1 relationship. 
 
all the live cultures having significantly lower RecO2- than the killed cultures (P<0.05), except for 

T. weissflogii. The average live RecO2- were 18.2 ± 5.4% (n=8), 21.3 ± 10.8% (n=8), and 9.1 ± 

1.3% (n=4) for T. pseudonana, T. oceanica, and T. weissflogii, respectively. The average killed 

RecO2- were 43.4 ± 5.0% (n=4), 46.8 ± 21.7% (n=4), and 16.9 ± 6.9% (n=4) for T. pseudonana, 

T. oceanica, and T. weissflogii, respectively. There were no significant differences in the RecO2- 

for the light and dark treatments for both T. weissflogii cultures and the live T. pseudonana 

cultures (P > 0.05) but differences were significant for killed T. pseudonana cultures and both T. 

oceanica cultures (P<0.05) (Figure 3.10). Note that C. cryptica and P. tricornutum had RecO2- 

values that were below the detection limit of the instrument. 
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3.3.6 H2O2 recoveries 

All of the species in the present study decayed H2O2, though not to as great extent as O2
- 

(Figure 3.11). T. weissflogii had significantly lower live recovery rates than the other two 

cultures, with recovery rates of 66 ± 3% (n=7), as opposed to rates ranging from 84 ± 5% in P. 

tricornutum  (n=8) to 93 ± 2% in C. cryptica (n=8). H2O2 recoveries were statistically 

indistinguishable from 100% in killed organisms. Of the cultures studied, only C. cryptica had a 

value of RecH2O2 for killed cultures (99 ± 5%, n=4) that was not significantly different from that 

for live cultures. Note that H2O2 recovery rates were not determined for killed cultures of P. 

tricornutum. 

 

 

Figure 3.11. H2O2 recovery percentages for live vs. Killed organisms for T. weissflogii, T. 
pseudonana, T. oceanica, and C. cryptica. The line represents a 1:1 relationship. 
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3.3.7 H2O2 production in cultures loaded on the filter by syringe 

In early H2O2 experiments, aliquots of culture were loaded on the filter using a syringe. 

Differences between the syringe-loaded and pump-loaded live cultures were compared in two 

diatom species, T. oceanica and T. weissflogii (figure 3.12). For purposes of this section, both 

light and dark measurements are pooled. 

There was no significant difference between syringe-loaded cultures and pump-loaded 

cultures for T. oceanica. PH2O2 was 7.1 ± 5.5 x 10-17 mol cell-1 hr-1 for pump-loaded cultures 

(n=8) and 10.7 ± 4.0 x 10-17 mol cell-1 hr-1 for syringe-loaded cultures (n=9); recovery 

percentages were 88 ± 5% and 86 ± 3%, respectively.  While recovery rates were also 

statistically similar for T. weissflogii (66 ± 4% and 63 ± 6% for pump-loaded cultures vs. syringe 

loaded cultures, respectively), production rates were substantially different: in pump-loaded  

 

 

Figure 3.12. H2O2 production for pump-loaded vs. syringe loaded cultures of T. weissflogii. Error 
bars represent one standard deviation. 
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cultures (n=7), H2O2 production rates were indistinguishable from zero, while in syringe-loaded 

cultures (n=4), they were significantly higher at 80.3 ± 22.1 x 10-17 mol cell-1 hr-1. 

 

3.4 Discussion 

The O2
- values reported in the present study compare well to the previously published values 

(Kustka et al., 2005; Milne et al., 2009; Rose et al., 2008) for T. weissflogii (Table 4.2).  Both 

Milne et al. (2009) and the present study found that light enhances PO2-, though killed cultures 

were not examined in the former. It appears that the light response can also occur in low light 

since Milne et al. (2009) found increased PO2- with as little as 30 µmol photons m-2 s-1 light 

intensity while 75 µmol photons m-2 s-1 was used in the present study. In the case of T. 

pseudonana, the present study reports values ~6 times lower than Rose et al. (2008) who 

examined PO2- under different conditions (Fe stress and different growth phases) than tested here. 

Despite the similar results between the present study and the other three studies listed in 

Table 4.2, especially for T. weissflogii, it is important to note that there were several important 

 

Table 3.2. Comparison of published diatom PO2- and methods. Culture treatments are: A—Fe 
stress, B—different growth phases, C—normal conditions (0 or 75 µmol photons m-2 s-1), and 
D—light stress (30-500 µmol photons m-2 s-1). O2

- standards include X:XO—xanthine:xanthine 
oxidase. 
 
  

Organism 
PO2- 

(10-17 mol cell-1 hr-1) 
Culture  
treatment 

 
O2

- standard 
% Recovery  

corrected 
Rose et al. 2008 T. pseudonana 40-83 A,B X:XO (Yes) 
Roe et al. 
   (this study) 

T. pseudonana 6-14 C KO2 Yes 

Kustka et al. 2005 T. weissflogii 84 A Photolysis No 
Milne et al. 2009 T. weissflogii 25-132 D X:XO No 
Rose et al. 2008 T. weissflogii 30-140 A,B X:XO (Yes) 
Roe et al. 
   (this study) 

T. weissflogii 25-73 C KO2 Yes 
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methodological differences. Milne et al. (2009) and Rose et al. (2008) used the 

xanthine:xanthine oxidase system to generate O2
- for calibration, while the present study used 

KO2 and Kustka et al. (2005) used photochemically generated O2
- stock solutions. The poor 

stability of the xanthine:xanthine oxidase system, as well as its tendency to generate less O2
- than 

the manufacturer’s specifications of the enzyme’s activity, have been noted in a previous study 

(Rose et al. 2009b). Both Milne et al. (2009) and Rose et al. (2008) took these issues into 

account. However, Milne et al. (2009) also based their calibration on an assumed half-life of 100 

s for O2
- in seawater instead of directly measuring the half-life of O2

- in their assay medium (a 

natural seawater sampled using a CTD). Because decay rates can vary widely depending on 

where the water was sampled (Hansard et al., 2010; Heller and Croot, 2010c; Rose et al., 2010; 

Rose et al., 2008b) and are also highly sensitive to trace metal contamination, the actual half-life 

of O2
- could have been much lower than the value they assumed. 

Another consideration is whether the O2
- signal detected by the photomultiplier tube is 

lowered in the presence of cells.. The present study examined recovery values using a known O2
- 

spike and determined that the diatom cells which were immobilized on the filter (both live and 

killed) drastically reduced the O2
- signal. Milne et al. (2009) and Kustka et al. (2005) also 

measured O2
- production by cells immobilized on a filter, but did not correct the signal for this 

effect. In contrast, Rose et al. (2008) added MCLA directly to cell cultures and compared the 

resulting chemiluminescence signal to the signal from cultures with xanthine/xanthine oxidase 

added in addition to MCLA. While this technique did not explicitly measure recovery values, it 

would have automatically corrected for the effect of cells on the signal. However, their reported 

signal would have also included any O2
- generated by cell exudates in the medium. 
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A final difference in these studies is the value assigned as the baseline signal. In Rose et 

al. (2008) the baseline was defined as a cell culture with MCLA and SOD added. Kustka et al. 

(2005) did not directly state what they used as a baseline signal, but implied that it was also the 

SOD-added signal. This means any background superoxide generated by the medium or the 

container would have also been included in both of these studies’ reported measurements. Milne 

et al. (2009) used the signal measured in the absence of light as their baseline, so their reported 

values only measure the enhancement caused by light. 

Given these substantial methodological differences, the correspondence of the results of 

previous studies with each other and the present study could be fortuitous. However, the present 

study is the only study that attempted to correct for both recovery effects and background signal. 

 

3.4.1 H2O2 production and decay 

 A previous investigation of H2O2 production rates (Milne et al., 2009) by T. weissflogii 

found a range of PH2O2 between 11- 66 x 10-17 mol cell-1 hr-1 for cultures loaded onto the filter by 

syringe, under a range of light intensity (30-500 µmol photons m-2 s-1) and quantified by a 

similar method to that employed in the present study, but without the correction for simultaneous 

decay (Milne et al. 2009). PH2O2 values for syringe-loaded cultures in the present study were 

similar in magnitude (80.3 ± 22.1 x 10-17 mol cell-1 hr-1); however, T. weissflogii cultures loaded 

onto the filter by peristaltic pump had PH2O2 indistinguishable from zero; these values were 

therefore significantly lower than those for syringe-loaded cultures. Even gentle syringe loading 

results in considerably higher flow rates (~5 mL min-1) than loading by peristaltic pump (0.6 mL 

min-1). We suspect that suspending cells on a filter under the higher pressure that accompanies 
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syringe loading induced stress-related H2O2 production, which would suggest that T. weissflogii 

may only produce substantial H2O2 under stress conditions. 

A previous investigation of H2O2 production by T. pseudonana (Waring et al., 2010) used 

the Amplex RedTM method, which quantifies gross H2O2 production, and therefore those rates 

were expected to be comparable to the present study. Although production was not reported 

numerically, it can be inferred from Figure 3D in Waring that low-light production was 7 x 10-7 

mol µg chl a-1 over a 30 min period. Given the value of 4.45 x 10-8 µg chl a cell-1 (Table 2 in 

Waring), we calculated a much higher value of PH2O2 than seen in the present study, 7 x 10-14 mol 

cell-1 hr-1. However, this discrepancy is the result of a calculation error (J. Waring, pers. comm.). 

The corrected H2O2 production rate is three orders of magnitude lower, meaning that their 

calculated value is not statistically different from the PH2O2 measured under light conditions in 

the present study. 

H2O2 production by the other three species—T. oceanica, C. cryptica, and P. 

tricornutum—has not previously been studied. 

 

3.4.2 O2
- and H2O2 recoveries 

O2
- recoveries in the presence of cells have only been quantified in one previous study. 

Diaz et al. (2013) observed that heterotrophic bacteria exhibited a range of O2
- recovery, with 

values ranging from 1 to 100% depending on the bacterial species. By contrast, the present study 

shows that diatoms fall at the low end of this scale, with recoveries for live organisms ranging 

from undetectable to 50%. While the low O2
- recoveries in the present study suggest that O2

- 

decay by phytoplankton could potentially contribute to O2
- decay in the environment, a recent 

field study saw no significant effect of filtering on decay rates in water samples from Station 
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ALOHA and the California Current (Roe et al., in review). Thus, we suspect that these 

organisms will only have a substantial influence on O2
- decay under high cell density conditions 

(e.g. bloom events) in marine systems.  

The H2O2 recoveries shown in the present study indicate that phytoplankton break down 

H2O2, which is consistent with previous findings (Wong et al., 2003). In addition, Wong et al. 

found that neither killed phytoplankton nor spent cell medium decayed H2O2. This aligns with 

the findings of the present study, in which recovery percentages for H2O2 were generally 100% 

for killed organisms, and in which very little decay occurred in spent growth medium from P. 

tricornutum. Overall this suggests that H2O2 decay occurs through an active cell process. 

The same cannot be said for decay of O2
-. Although recovery rates for killed organisms 

were higher in live organisms (Figure 3.10), in no case did they ever reach 100%. Thus, while 

decomposition of O2
- is likely to be mediated in part by active cell processes, at least some of it 

occurs through a passive process. 

 

3.4.3 Biological pathways for ROS production 

Live T. pseudonana and T. oceanica appear to be actively producing O2
- in the dark, 

since killing these organisms resulted in a significant decrease in PO2-. This corresponds with 

previous studies that link PO2- to the activity of outer membrane and/or transmembrane NADPH 

oxidases (Kustka et al., 2005; Kim et al., 2000). The results for T. weissflogii are not definitive 

because of the uncertainties in the measured PO2- values for this species. 

In addition, PO2- was enhanced for all three Thalassiosira species in the presence of light. 

However, the magnitude of the enhancement was similar in live and killed cultures (Figure 3.6), 
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suggesting a passive photochemical source such as photo-oxidation of pigments present in the 

cell membrane. 

For the Thalassiosira spp, it is possible to compare the ratio of PH2O2 to PO2- to estimate 

how much, if any, of the H2O2 is produced via O2
- (Figure 3.13) A yield of anywhere between 0 

and 1 molecule of H2O2 per molecule of O2
- is possible: 0 if all of the O2

- is oxidized, 1 if it is 

reduced, and 0.5 if dismutation occurs (Hansard et al., 2010). For T. oceanica, the data cluster 

around the 2:1 PO2-:PH2O2 line, indicating that most or all of the H2O2 could be produced via O2
- 

dismutation (circles in Figure 3.13). By contrast, PH2O2:PO2- data for T. pseudonana plot far under 

the same line, signifying H2O production far in excess of what could be produced from O2
- 

dismutation or reduction (triangles in figure 3.13). 

One source of this surplus H2O2 might be diffusion of intracellular H2O2 through the cell 

membrane. H2O2 can diffuse across the lipid bilayer in to a small extent (Seaver and Imlay, 

 

Figure 3.13. Representation of the PO2-:PH2O2 ratio. The diagonal line indicates the 2:1 ratio that 
would exist if all H2O2 was produced through dismutation of O2

-. 
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2001), but a larger quantity could also simply pass through aquaporins (Halliwell and Gutteridge, 

2007). Indeed, most H2O2 production by C. marina is believed to originate from intracellular 

processes, which is magnified under cell stress and loss of membrane integrity (Kim et al., 

2007).  

However, H2O2 can also be produced extracellularly. A previous study found that 

proteins on the cell surface of the coccolithophore P. carterae produced H2O2 without 

simultaneously producing O2
- (Palenik et al., 1987) using a two-electron reduction of oxygen for 

nitrogen metabolism (Palenik and Morel, 1990). At present it is not clear whether the surplus 

H2O2 produced by T. pseudonana originates from extracellular and/or intracellular sources. 

By contrast with T. pseudonana, T. weissflogii produced far more than twice as much O2
- 

as H2O2. The low recovery of O2
- in the presence of T. weissflogii (Figure 3.10) indicates that 

most of the O2
- produced by this organism reacted at the cell surface. The concurrent lack of 

H2O2 production then suggests that the O2
- acted as a reductant. An alternative explanation is that 

the higher flow rates in the O2
- determination as compared to those in the H2O2 experiment might 

lead to higher ROS production overall; the present study clearly shows that T. weissflogii cells 

produce more H2O2 when subjected to higher flow rates, and this may also be true for O2
- 

production.  

This study shows that diatoms have a wide range of values for PH2O2 that hint at a 

diversity of biological pathways involved in production. Neither C. cryptica nor P. tricornutum 

produced measurable extracellular H2O2 under the tested conditions. Likewise, we cannot rule 

out that they produce O2
-, but if they do, they decompose it so effectively that the present study 

could not quantify it. While significant production of ROS was not detected from P. tricornutum 

cells, they do exude substances into the growth medium that produce ROS. H2O2 production by 
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cell exudates was not quantified for the other species because P. tricornutum is the only species 

for which unusually high ROS signals were observed during loading, when spent medium was 

passing through the filter. It is likely that P. tricornutum secretes enzymes that produce H2O2 

and, possibly O2
- (though the present study was unable to test the latter). In fact, secretion of 

extracellular enzymes that produce O2
- has previously been observed for C. marina (Kim et al., 

2000) and a bacterium within the Roseobacter clade (Learman et al., 2011),. These enzymes 

have been identified as an animal heme peroxidase for the Roseobacter bacterium (Andeer et al., 

in press) and a protein analogos to the neutrophil NADPH oxidase in C. marina (Kim et al., 

2000).  

 

3.4.4 Concluding remarks 

Previous field studies (Vermilyea et al., 2010; Rose et al., 2008; Roe et al., in review) 

showed that dark biological production of ROS is significant in comparison with photochemical 

production. Assuming all large phytoplankton, such as diatoms, have ROS production rates of 

the same approximate magnitude as those in this study, and assuming cell counts of 104 (in 

oligotrophic waters such as Station ALOHA; Venrick, 1997) to 106 (in the Gulf of Alaska; Paul 

et al., 1988) cells L-1, the phytoplankton contribution to this dark biological production would be 

1-100 pM hr-1, a small fraction of the observed 1-8 nM hr-1. It is likely that dark biological ROS 

production is usually driven by the more numerous cyanobacteria (as in Rose et al., 2008) and 

heterotrophic bacteria (Diaz et al., 2013), but phytoplankton such as diatoms may make major 

contributions to steady state concentrations of O2
- and H2O2 during blooms, when their 

abundance can increase 10-fold (Villareal et al., 2012); this corresponds to observations showing 

higher O2
- concentrations in Trichodesmium blooms (Rose et al., 2010). 
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Although diatoms may not be the primary influence on ROS concentrations in the ocean, 

their ROS production is an essential physiological process. Previous studies have shown that O2
- 

production is linked to Fe uptake in Trichodesmium (Roe and Barbeau, 2014) and Lyngbya 

majuscula (Rose et al., 2008b), and cell growth/signaling in C. marina (Marshall et al., 2005; 

Oda et al., 1995) and that H2O2 may be a byproduct of nitrogen metabolism in H. carterae 

(Palenik et al., 1987). Given that similar species of diatoms produce ROS via different pathways, 

it is likely that a suite of physiological benefits are conferred through ROS production that vary 

with species and likely with environmental conditions. 
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CHAPTER 4 

EXTRACELLULAR PRODUCTION AND DECAY OF HYDROGEN PEROXIDE BY 

MARINE HETEROTROPHIC BACTERIA 

 

Hydrogen peroxide (H2O2), found ubiquitously in natural water systems, contributes to 

the biogeochemical cycling of trace metals. H2O2 production in the ocean was previously thought 

to occur primarily through the dismutation of photochemically produced superoxide (O2
-) 

(Cooper et al., 1988; Herut et al., 1998; Yuan and Shiller, 2001; Shaked et al. 2010), but in 

recent years it has been shown to occur under dark conditions (Vermilyea et al., 2010a), 

indicating that another production pathway exists. Experiments comparing H2O2 production of 

filtered seawater to that of unfiltered seawater (Avery et al., 2005) as well as culture studies 

(e.g., Palenik et al., 1987; Waring et al., 2010) suggest that biological production may be a 

strong contributor to overall H2O2 concentrations in the ocean. 

None of these studies suggests bacteria as a source of H2O2 production. Culture studies 

on (extracellular) biological H2O2 production by marine biota have, to date, focused on 

phytoplankton such as raphidophytes (e.g., Oda et al., 1997; Kim et al., 1999; Twiner and Trick, 

2000), coccolithophores (Palenik et al., 1987), and diatoms (Milne et al., 2009; Waring et al., 

2010). However, two recent studies have shown that heterotrophic bacteria may be a substantial 

source of extracellular O2
-, which can be a precursor of H2O2. One study showed that 

Roseobacter, a common species of marine bacteria, oxidized manganese(II) by producing 

extracellular O2
- (Learman et al., 2011). A subsequent study examined the extracellular O2

- 

production of thirty species of heterotrophic bacteria and found that all but three produced 

detectable O2
- (Diaz et al., 2013). 
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The competing processes of H2O2 production and decay occur simultaneously in natural 

water systems such as the ocean. H2O2 decay has been strongly linked to biological processes. 

Studies (Petasne and Zika, 1997; Yuan and Shiller, 2001) have shown that 0.2-µm filtration of 

seawater cuts decay substantially. To our knowledge, only one study (Cooper et al., 1994) has 

attempted to determine which sorts of organisms in a natural water system are responsible for 

decay. Using sequential filtration in a freshwater system, it was shown that small algae (1-12 

µm) and bacteria (0.2-1µm) are responsible for the majority of H2O2 decay. 

These field results are substantiated by culture studies showing that increasing 

concentrations of heterotrophic bacteria Vibrio pelagius (Petasne and Zika, 1997), Vibrio 

alginolyticus, and Enterobacter cloacae (Cooper et al., 1994) increased decay rates, and that the 

presence of cyanobacterium Synechococcus—rather than exuded enzymes from that organism—

was responsible for increased decay in seawater (Petasne and Zika, 1997). 

Finally, a study by Morris et al. (2011) showed that the extremely abundant 

cyanobacterium Prochlorococcus could not lower H2O2 concentrations in autoclaved growth 

medium and, as a result, exhibited poor growth. By contrast, H2O2 concentrations in growth 

medium containing Prochlorococcus cultures mixed with heterotrophic bacteria such as 

Alteromonas fell rapidly, and Prochlorococcus growth was robust in such cultures. 

In summary, while heterotrophic bacteria have been shown to produce O2
-, a possible 

precursor of H2O2, no study to date has examined extracellular H2O2 production by bacteria. 

Both field and culture studies have shown that heterotrophic bacteria decay H2O2 in their 

environment and that this decay may be important to survival of other microorganisms in the 

biosphere, yet no one to date has studied the variability of decay rates between different species 

of bacteria. 
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The goal of this study was to evaluate gross production and decay of H2O2 in pure 

cultures of heterotrophic marine bacteria and to determine whether bacteria are likely to make a 

significant contribution to overall H2O2 production and decay rates in the ocean. Twelve species 

of heterotrophic bacteria where chosen from among the strains used by Diaz et al. (2013) to 

represent a variety of habitats: benthic vs. planktonic as well as estuarine vs. marine, and also to 

provide a wide range of measured superoxide production rates. Two different methods—one 

similar to that used by Diaz et al. and one better suited for evaluating systems with very high 

decay rates—were used to determine both production rates and decay coefficients for each 

bacterial strain. 

 

4.1 Materials and Methods 

All bacterial strains were obtained from the Hansel lab at Woods Hole Oceanographic 

Institution and are the same cultures used in Diaz et al. 2013 (Table 4.1). Cultures were 

inoculated from freezer stock into the growth medium and incubated at 30oC until mid-

exponential phase. An aliquot was then used to start experimental cultures, which were grown to 

mid-exponential phase, with growth tracked by measuring optical density at 600 nm, before 

being harvested for the experiment. 

 

4.1.1 Growth and Experimental Conditions 

Growth media were either LB medium (Sigma) (for S. oneidensis) or a modified K 

medium made in 75% artificial sea water (van Waasbergen et al., 1993) as specified in Diaz et 

al. (2013). 
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Table 4.1. Bacterial strains selected for present study. See sections 4.1.1 and 4.1.3 for more 
information on growth and assay media. 
 
 
Species 

Growth 
medium 

 
Habitat 

 Superoxide 
Production 

 
Assay medium 

Ruegaria pomeroyi DSS-3 K planktonic marine medium 75% ASW 
Marinobacter sp. AzsJAc-4 K benthic estuarine high 75% ASW 
Shewanella sp. ANA-3 K benthic estuarine medium 75% ASW 
Vibrio sp. A535 K planktonic marine high 75% ASW 
Paracoccus sp. H1jAc-3c K planktonic estuarine high 75% ASW 
Halomonas sp. VMMm1-3c K benthic estuarine medium 75% ASW 
Sulfitobacter sp. EE-36 K planktonic marine low 75% ASW 
Shewanella oneidensis MR-1 LB benthic freshwater BDL DI water 
Erythryobacter sp. SD-21 K benthic marine low 100% ASW 
Tenacibaculum UAzPsLept-5 K benthic estuarine low 75% ASW 
A. manganoxydans SI85-9A1 K planktonic marine medium 100% ASW 
Bacillus sp. AzsLept-1c K benthic estuarine very high 75% ASW 
 
 

Cell density was determined by examining cultures stained with DAPI (4’,6-diamidino-2-

phenylindole) under an epifluorescent microscope. An estimated number for metabolically active 

cells was obtained by assuming the percentages of metabolically active cells were similar to 

those measured in Diaz et al. (2013) for the same species (49-97% for the twelve species 

examined in the present study). 

 

4.1.2 H2O2 detection 

H2O2 was measured using the base-catalyzed chemiluminescent reaction with acridinium 

ester (AE) using a Waterville Analytical FeLume system as described by Cooper et al. (2000) 

and King et al. (2007). In summary, a slug of sample was pushed into the system by a carrier 

stream consisting of a catalase-treated (10 U mL-1) solution of assay medium and combined with 

acridinium ester reagent (5 µM, pH 3) in a mixing tee. Next, the sample/AE mixture combined 

with carbonate buffer (0.02 M, pH 10.6) in a flow cell. The photons produced by this reaction 

were then measured by a photomultiplier tube. 
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A  ~3 mM stock solution of  H2O2 was created by diluting 30% H2O2 with nanopure 

water and was stored in the refrigerator for the duration of the study. Precise concentration of the 

stock solution was determined using the H2O2 molar absorptivity of 3.1 ± 1.4 M-1 cm-1 at 240 nM 

(Miller and Kester, 1988). A 5 µM working stock was created daily and used to create a 

calibration curve consisting of standard additions of H2O2 stock to give a range of concentrations 

from 0 to 600 nM.  

 

4.1.3 Assessment of H2O2 Production Rates and Recovery Percentages with Flow-Through 

Methodology 

H2O2 production and decay were quantified by measuring the effluent from cells 

immobilized on a filter, following Milne et al. (2009) as modified in Chapter 3. 

Depending on bacterial strain (see Table 4.1), assay medium was either nanopure water 

(NanoPure Diamond 18.2 MΩ), 100% artificial seawater (100% ASW, from Van Waasbergen et 

al., 1993: 0.3 M NaCl, 0.05 M MgSO4, 0.01 M CaCl2, 0.01 M KCl), or 75% artificial seawater 

(75% ASW) made up of 100% ASW diluted with nanopure water. All assay media were 

sterilized by autoclaving at 240 oC for 25 min. 

For each experimental run, assay medium flowed through a peristaltic pump at 0.6 mL 

min-1 over an empty 25-mm 0.45-µm cellulose acetate syringe filter (VWR) and directly into the 

FeLume system until a steady-state concentration of H2O2 was detected, usually ~10 minutes. 

After 2.50 mL of culture was loaded onto the filter through the intake tube of the peristaltic 

pump, assay medium was flowed over the cells and [H2O2] of the effluent was measured for 

about 15 min. The assay medium was then spiked with additional H2O2, flowed over the cells , 
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and measured until a new steady-state concentration was reached, about 10 min.  Finally, the 

filter was disconnected from the stream so that [H2O2] of the spiked medium could be quantified. 

Recovery (RecH2O2) for each experimental run was calculated with the equation: 

 Rec!"#" =
!!!! !"#$%&,!"##$! !!!! !"#$%&'(,!"##$

!!!! !"#$%&,!"#$%&! !!!! !"#$%&'(,!"#$%&
   (4.1) 

where [H2O2]unspiked,direct is the concentration of the filter effluent with no cells present on the 

filter, [H2O2]unspiked,cells is the concentration of the filter effluent after the cells were loaded, 

[H2O2]spiked,cells is the concentration measured after spiking the medium with H2O2 with the cells 

on the filter in place, and [H2O2]spiked,direct is the concentration of the spiked medium measured 

directly (i.e. bypassing the filter). The denominator, then, represents the increase in [H2O2] in the 

medium due to the addition of the H2O2 spike, and the numerator represents the measured 

increase in the presence of cells. Calculation of recovery in this manner assumes that the cells on 

the filter break down the same fraction of H2O from both the spiked and the unspiked medium, 

i.e. that decay is first-order with respect to [H2O2]. 

The increase in [H2O2] due to the cells’ production, [H2O2]cell (mol L-1) was calculated 

with the equation: 

 H!O! !"## =
!!!! !"#$%&'(,!"##$

!"#!"#"
  − H!O! !"#$%&'(,!"#$%&   (4.2) 

A cell-normalized production rate PH2O2,cell (mol cell-1 hr-1) was then calculated with the 

equation: 

  P!"#",!"## =
!!!! !"##×!

!
	  	  	   	   	   	   	   (4.3) 

where Q is the flow rate (L hr-1), and N is the number on the cells on the filter, calculated from 

the measured cell density in the experimental culture and the volume of culture loaded onto the 

filter. 
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4.1.4 Measurement of H2O2 Production and Decay Rates by Spiked Batch Incubations 

The H2O2 production rate (PH2O2) and the pseudo-first order decay coefficient (kloss,H2O2) 

were determined with the method described by Vermilyea et al. (2010), referred to here as 

spiked batch incubations and modified to be used with cultures instead of field samples. 

5.00 mL aliquots of bacterial culture were centrifuged and resuspended in an equal 

amount of assay medium as in Table 4.1. Resuspended cultures were combined with additional 

assay medium and, in some cases, spiked with 5.00 µM H2O2 stock, so that each incubation 

contained a total of 40.0 mL of sample. Samples were incubated in syringes (Kendell Mono-Ject 

50 mL) containing a magnetic stir bar to facilitate mixing. 

Total H2O2 levels for each syringe were analyzed over a period of time necessary for 

[H2O2] to reach steady state (~15 min to 2 hr, depending on bacterial strain). Samples were 

considered to reach steady state when three readings in a row were within 10 nM of each other. 

To model simultaneous production and decay in the SBI samples, it was assumed that the 

production rate PH2O2 (nM hr-1) was constant and that both PH2O2 and the first-order decay 

constant kloss,H2O2 (hr-1) were the same for each sample: 

  ! !!!!
!"

= P!!!! − k!"##,!!!! H!O!     (4.4) 

The solution for this differential equation is: 

 H!O! = !!!!!
!!"##,!!!!

− !!!!!
!!"##,!!!!

− H!O! ! e!!!"##,!!!!!     (4.5) 

Time and concentration data for each pair of samples (one low-[H2O2], one high [H2O2] of up to 

1 µM added [H2O2])—three pairs of samples per bacterial culture—were fitted to equation 5 

using the Microsoft Excel solver function. Fitting parameters were PH2O2 and kloss,H2O2 for the 

sample pair and [H2O2]0 for each sample. 
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Cell-normalized production rates, PH2O2,cell, were then calculated by dividing PH2O2 by the 

cell concentration. Normalized decay constants, kH2O2,cell, were calculated by dividing kloss,H2O2 

by cell density in the culture. The difference in normalization stems from the assumptions that 

are made about production and decay: namely, that production is constant per unit volume, while 

kloss,H2O2 is pseudo-first order with respect to [H2O2]. In reality, decay is second order: 

  − ! !!!!
!"

= 𝑘!!!!,!"## 𝐻!𝑂! 𝑐𝑒𝑙𝑙𝑠     (4.6) 

 

 

4.1.5 Conversion of decay rate constants into recovery percentages 

When comparing decay in the two different methods, it is necessary to convert decay rate 

constants measured in batch systems into recovery percentages that would be observed in the 

flow-through method.  To do this, we treat the dead volume in the filter from the flow-through 

method as a well-mixed reactor at steady state (Hemond and Fechner-Levy, 2000). The change 

in [H2O2] over time can then be written as: 

 ! !!!!
!"

=   𝑚!!!!,!" −𝑚!!!!,!"# + Production− decay   (4.7) 

where mH2O2,in is the mass of H2O2 entering the filter per unit time and mH2O2,out is the mass of 

H2O2 leaving the filter  per unit time in mol L-1 hr-1. mH2O2,in is dependent on the concentration of 

H2O2 entering the filter, in this case [H2O2]direct; likewise, the mass of H2O2 leaving the filter is 

dependent on the concentration of H2O2 after interacting with the cells, or [H2O2]cells.  Thus, 

equation 4.7 can be written as: 

 ! !!!!
!"

= ! !!!! !"#$%&
!

− ! !!!! !"##$
!

+ 𝑃!!!! − 𝑘!"##,!!!! 𝐻!𝑂! !"##$  (4.8) 
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where Q is the flow rate in L hr-1 and V is the dead volume of the filter in L. At steady state, 

! !!!!
!"

=0. This allows equation 4.8 to be rewritten as: 

 !
!

H!O! !"##$ − 𝐻!𝑂! !"#$%& = P!!!! − k!"##,!!!! H!O! !"##$   (4.9) 

To solve for both unknowns (PH2O2, kloss,H2O2), two equations incorporating both spiked 

and unspiked conditions can be generated:  

Q
V H!O! !"#$%&'(,!"##$ − H!O! !"#$%&'(,!"#$%& = P!!!! − k!"##,!!!! H!O! !"#$%&'(,!"##$ 

           (4.10) 

!
!

H!O! !"#$%&,!"##$ − H!O! !"#$%&,!"#$%& = P!!!! − k!"##,!!!! H!O! !"#$%&,!"##$   (4.11) 

Combining equations 4.8 and 4.9 gives a solution for kloss,H2O2: 

 k!"##,!"#" =
!
!

!!!! !"#$%&,!"#$%&! !!!! !"#$%&'(,!"#$%&

!!!! !"#$%&,!"##$! !!!! !"#$%&'(,!"##$
− 1    (4.12) 

which can be rewritten as 

  k!"##,!!!! =
!
!

!
!"#!"#"

− 1     (4.13) 

where RecH2O2 is the recovery calculated by equation 4.1. This equation is this rearranged to 

give: 

  𝑅𝑒𝑐!!!! =
!
!

!!"##,!!!!!
!
!

      (4.14) 

Because of the differences in cell density between the filter and the batch systems, kloss,H2O2 for 

the filter is obtained by multiplying the value of kH2O2,cell measured in the batch system by the 

cell density (cells mL-1) in the filter. 
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4.1.6 Calculation of Detection Limit for H2O2 Production  

The detection limit for PH2O2 in spiked batch incubations can be calculated by realizing 

that at steady state, the exponential term of equation 4.5 approaches zero. Thus the steady state 

concentration of H2O2 is: 

  𝐻!𝑂! !! =
!!!!!

!!"##,!!!!
      (4.15) 

Early data in a spiked batch incubation experiment are most important for determining 

kloss,H2O2, but data collected later, as [H2O2] approaches this steady-state value, are needed to 

adequately constrain the value of PH2O2. Equation 10 can therefore be used to estimate the 

detection limit for PH2O2, DLprod, in the spiked batch incubation method: 

  DL!"#$ = DL[!"#"]k!"##,!"#"     (4.16) 

where DL[H2O2] is the detection limit for [H2O2]. Thus, the detection limit for PH2O2 is a function 

of kloss,H2O2 for each species and provides a cell-normalized detection limit of production. 

Replicate measurements of [H2O2] at moderate concentrations (~30 nM) can be made 

with a typical standard deviation of less than 1 nM; however, near the detection limit of the 

acridinium ester method, [H2O2] can be determined, at best, with a standard deviation of about 3 

nM. We therefore estimate DL[H2O2] as 10 nM for spiked batch incubations. 

Estimation of DLprod for the flow-through method is obtained via sensitivity analysis. In 

most cases, the standard deviation of measurements for [H2O2]unspiked,cells was less than 1 nM. 

Therefore, for each organism, we took a representative data set and adjusted [H2O2]unspiked,cells by 

1 nM while holding values for [H2O2]unspiked,direct, [H2O2]spiked,cells, and [H2O2]spiked,direct constant. 

The change in PH2O2,cell from the original value was set as DLprod for that organism. 
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4.2 Results 

The eight bacterial strains studied by the flow-through method exhibited a wide range of 

recovery percentages, ranging from 9 ± 6% (Vibrio sp. A535) to 107 ± 5% (Marinobacter sp. 

AzsJAc-4) (Table 4.2, Figure 4.1). As mentioned in Table 4.2, uncertainties represent the 95% 

confidence interval. 

Decay rate constants determined by spiked batch incubations ranged from 2.08 ± 0.65 x 

10-8 hr-1 (cell mL-1)-1 for Sulfitobacter sp. EE36 to 2.12 ± 0.15 x 10-6 hr-1 (cell mL-1)-1 for Vibrio 

sp. A535. When these decay rate constants were converted into recovery percentages for each 

culture, there was good agreement between values from each method for most organisms (Table 

4.2, Figure 4.1). 

 

Table 4.2. Calculated values for RecH2O2 for both spiked batch incubation and flow-through 
methods and kloss,H2O2 for spiked batch incubations (SBI). Uncertainties represent the 95% 
confidence interval. 
 
 H2O2 Recovery (%)  
 
Species 

 
Flow-through 

 
SBI (from decay) 

kH2O2,cell 
[10-8 hr-1 (cell mL-1)-1] 

Ruegaria pomeroyi DSS-3 27 ± 2 39 ± 9 6.63 ± 2.50 
Marinobacter sp. AzsJAc-4 107 ± 5 91 ± 1 6.31 ± 1.09 
Shewanella sp. ANA-3 32 ± 15 37 ± 13 3.73 ± 2.23 
Vibrio sp. A535 9 ± 6 15 ± 2 212 ± 37 
Paracoccus sp. H1jAc-3c 39 ± 13 45 ± 10 21.1 ± 9.3 
Halomonas sp. VMMm1-3c 49 ± 4 44 ± 5 11.5 ± 2.3 
Sulfitobacter sp. EE-36 35 ± 3 52 ± 9 2.08 ± 0.67 
Shewanella oneidensis MR-1 16 ± 4 15 ± 4 11.7 ± 3.4 
Erythryobacter sp. SD-21 -- 18 ± 5 31.3 ± 11.0 
Tenacibaculum UAzPsLept-5 -- 44 ± 6 2.18 ± 0.54 
A. manganoxydans SI85-9A1 -- 21 ± 1 25.1 ± 1.4 
Bacillus sp. AzsLept-1c -- 70 ± 3 2.89 ± 0.36 
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Figure 4.1. Recovery percentages for bacterial strains evaluated with both spiked batch 
incubations  (hatched) and flow-through method (gray). Uncertainties represent the 95% 
confidence limit. 

 

Of the bacterial strains examined by the flow-through method, most had a PH2O2 that was 

not significantly different from zero, based on the 95% confidence interval of triplicate 

measurements (Table 4.3). The high uncertainties in production rates are due in part to 

methodological issues. For example, a 1 nM difference in average measurement can change 

PH2O2,cell from Sulfitobacter by ~0.09 amol cell-1 hr-1, which is almost as large as the 95% 

confidence interval (0.14) on this measurement (Table 4.3). However, methodological issues are 

unlikely to be responsible for all high uncertainties, as most of the cultures have at least one  
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Table 4.3. Instrument detection limits for PH2O2,cell (DLprod) compared to PH2O2,cell (cell-
normalized H2O2 production rates) for both spiked batch incubation (SBI) and flow-through 
methods. O2

- production rates from Diaz et al. 2013 are also shown for comparison. Uncertainties 
represent the 95% confidence interval based on triplicate (or more) measurements in each case. 
 
	   SBI	  	  (amol	  cell-‐1	  hr-‐1)	   Flow-‐through	  (amol	  cell-‐1hr-‐1)	   O2-‐	  production	  

Species	   DLprod	   PH2O2,cell	   DLprod	   PH2O2,cell	   (amol	  cell-‐1	  hr-‐1)	  
R. pomeroyi 0.6 0.07 ± 0.26 0.2 -0.84 ± 2.20 1.80 ± 1.31 
Marinobacter  0.6 0.20 ± 0.26 4 -21.3 ± 21.9 2.50 ± 5.86 
Shewanella  0.4 0.68 ± 1.46 0.13 0.88 ± 1.30 0.93 ± 1.12 
Vibrio  21.2 <21.2  40 307 ± 514 2.40 ± 1.38 
Paracoccus  2.1 3.8 ± 16.32 12 2.70 ± 7.64 1.93 ± 1.83 
Halomonas  1.2 0.78 ± 0.3 0.2 0.59 ± 1.17 1.07 ± 0.29 
Sulfitobacter  0.2 0.24 ± 0.19 0.09 0.06 ± 0.14 0.20 ± 0.00 
S. oneidensis  1.2 0.26 ± 0.68 0.4 2.38 ± 3.47 0.03 ± 0.14 
Erythryobacter  3.1 <3.1 -- -- 0.17 ± 0.01 
Tenacibaculum 0.2 0.20 ± 0.77 -- -- 0.03 ± 0.05 
A. manganoxydans  2.5 0.09 ± 0.40 -- -- 1.20 ± 0.99 
Bacillus  0.3 0.10 ± 0.42 -- -- 9.17 ± 18.33 
 
 
 
measurement above the detection limit. In chapter 3, we saw that PH2O2,cell values for diatom T. 

weissflogii were affected by external conditions, and it is possible that slight variations in 

experimental conditions (for example, differences in flow caused by clumping of bacteria on the 

filter) also affect H2O2 production in bacteria. 

Two species, R. pomeroyi and Marinobacter, both had negative average values for H2O2 

production for H2O2 production by the flow-through method (Table 4.3, Figure 4.2. In the case 

of R. pomeroyi, examining the individual values shows two small negative values and one small 

positive value, suggesting that the actual value may be near zero. By contrast, in Marinobacter, 

all three values are large and negative. Since flow-through results account for decay and should 

never yield production rates below zero, this result implies that at least one of our assumptions is 

not true—most likely, the assumption that decay is first-order with respect to H2O2. If production 

is small or non-existent, and if decay is slower at higher [H2O2] (e.g. Michaelis-Menten kinetics), 



	   69	  

 

Figure 4.2. H2O2 production values for R. pomeroyi and Marinobacter, which exhibited negative 
average production values by the flow-through method. Spiked batch incubation production 
values are hatched and flow-through values are shown in gray. All experiments were performed 
in triplicate except for the spiked batch incubations of Marinobacter (six values). 
 
we would expect to see a much smaller drop between [H2O2]spiked,direct and [H2O2]spiked,cells than 

between [H2O2]unspiked,direct and [H2O2]unspiked,cells. In fact, this is what is observed in the case of 

Marinobacter (Figure 4.3). 

 

Figure 4.3. Example H2O2 run using data points from Marinobacter on 11/25/2014, showing that 
the difference between [H2O2]spiked,direct and [H2O2]spiked,cells is smaller than that between 
[H2O2]unspiked,direct and [H2O2]unspiked,cells. 
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Figure 4.4. Individual values for H2O2 production rates by spiked batch incubation (hatched) and 
flow-through method (gray). Small white (for spiked batch incubations) or black (for flow-
through method) bars along the axis indicate production values of zero. Vertical black lines 
indicate values for DLprod. 
 
 

Because it was difficult to obtain production rates via the flow-through method, spiked 

batch incubations were performed on all cultures already examined by flow-through method, as 

well as on additional bacterial strains. Once again, average production rates were not 

significantly different from zero except for Sulfitobacter (Table 4.3, Figure 4.4).  A comparison 

of PH2O2,cell with DLprod (Table 4.3) shows that only Paracoccus has an average value for PH2O2,cell 

that is above the detection limit for the spiked batch incubation method. Thus, it is not surprising 

that uncertainties for this method are very large. 
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Despite the large uncertainties in the statistical analysis, a look at individual values for 

PH2O2,cell from the flow-through method (Figure 4.4) supports the idea that many of the cultures 

are producing H2O2. Even though there may be considerable variability between measurements 

in flow-through values, all cultures except Paracoccus had at least one, if not more, 

measurements above the detection limit.  

A similar case for non-zero H2O2 production can be made by examining individual H2O2 

production values for spiked batch incubations, though it is less strong that that for flow-through 

H2O2 production rates (Figure 4.4). Sulfitobacter has three out of five measurements above the 

detection limit. Shewanella sp. ANA-3 has two out of three, and both Halomonas and 

Paracoccus have one out of three. 

 

4.3 Discussion 

Assuming that values for PH2O2,cell are indeed non-zero as discussed in section 3.2, a 

comparison of the average values for PH2O2,cell (Table 4.3, Figure 4.4) suggests that some species 

react differently to the two methods while others produce H2O2 at a relatively constant rate 

despite the change from flow to batch conditions. In particular, in Shewanella sp. ANA-3, the 

two non-zero values for spiked batch incubations were similar to the values for PH2O2,cell for the 

flow-through method. At the other end of the spectrum, a striking difference is seen in Vibrio sp. 

A535, where no production was detected at all in the spiked batch incubation, whereas a very 

high PH2O2,cell was seen in the flow-through method.  

It has previously been shown that changing from immobilized to free-floating conditions 

can affect a miroorganism’s H2O2 production. Scholz et al. (1995) observed H2O2 production in 

Chlamydomonas reinhardtii both immobilized on alginate as well as free-floating in a batch 
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reactor. In the presence of free-floating cells, [H2O2] peaked quickly (~0.2 hr) and then fell off 

gradually. By contrast, it took immobilized cells longer (~0.7 hr) to reach peak [H2O2], though 

[H2O2] reached steady state after about the same period of time as it took in the presence of free 

cells (~1.5 hrs). In other words, cells in different conditions responded differently to their 

environment and therefore produced H2O2 differently. The steady-state PH2O2,cell was almost 

twice sa high for free cells as for immobilized cells—55 µmol H2O2mg Chl h-1 vs. 33 µmol 

H2O2mg Chl h-1. While no similar test has been done for H2O2 production by bacteria—the 

present study is the first to examine PH2O2,cell rates for bacterial strains—it is not unsurprising to 

find that some bacteria also respond differently under different conditions. 

A comparison of recovery rates for the two methods showed greater similarities (Table 3, 

Figure 1). Five of the eight species analyzed by both methods had statistically similar RecH2O2; 

the species with statistically different RecH2O2 were R. pomeroyi, Sulfitobacter, and 

Marinobacter. Overall, there was far better agreement between RecH2O2 values for both methods 

than there was for PH2O2,cell. It is likely that H2O2 decay is less affected by external conditions 

than H2O2 production. 

 

4.3.1 H2O2 Production compared to O2
- production 

Since dismutation of O2
- produces H2O2 in a 2:1 ratio, comparing PH2O2,cell with 

superoxide production (PO2-,cell) allows an evaluation of dismutation as a possible production 

pathway for H2O2. Average values for PH2O2,cell were compared to those for PO2-,cell determined by 

Diaz et al. (Figure 4.5). 
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Figure 4.5. Comparison of PH2O2,cell (gray--spiked batch incubation; hatched—flow through) with 
PO2-,cell (black). Error bars represent the 95% confidence limit. 

 

Of the twelve species studied, four (Sulfitobacter, Halomonas, Paracoccus, and 

Shewanella sp. ANA-3) have an average PH2O2,cell of comparable magnitude as PO2-,cell. Here, 

PH2O2,cell is not inconsistent with a 2:1 PO2-,cell:PH2O2,cell ratio, although a more specific comparison 

is not available due to the high levels of variability in the measurements. Five species (Bacillus, 

A. manganoxydans, Erythryobacter, Marinobacter, and R. Pomeroyi) have PH2O2,cell that are at 

least an order of magnitude lower than PO2-,cell. Thus, for these species, H2O2 might also all be 

completely produced through the O2
- dismutation pathway, but O2

- may also be lost to processes 

other than dismutation. For two species (Tenacibaculum and Shewanella oneidensis), the average 

measured PH2O2,cell was higher than PO2-,cell by over an order of magnitude. Conflicting results 
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between the flow-through and spiked batch incubation methods make a comparison for Vibrio 

difficult; however, the flow-through value for PH2O2,cell (which represents conditions closer to 

those under which the PO2-,cell measurements were made) is two orders of magnitude higher than 

PO2-,cell. Thus, for Tenacibaculum, S. oneidensis, and Vibrio, it is possible that H2O2 is produced, 

at least in part, via biological pathways that do not involve O2
- production. However, none of 

these comparisons are statistically significant. 

In Chapter 3 we saw that flow rates involved in loading diatoms on the filter affected 

H2O2 production by T. weissflogii. It is possible that higher flow rates likewise cause increased 

ROS production in some bacterial strains. For methodological reasons, PH2O2,cell and PO2-,cell were 

evaluated at different flow rates—0.6 mL min-1 for H2O2 and 3.0 mL min-1 for O2
-. This may 

further add to uncertainty in the PO2-,cell:PH2O2,cell ratio in flow-through numbers. (Spiked batch 

incubations have a flow-rate of zero and would therefore not be comparable to PO2- for those 

organisms in which flow rates affect ROS production.) 

Another source of uncertainty was the fact that, unlike in chapter 3, PH2O2,cell and PO2-,cell 

were not determined simultaneously using the same cultures. Despite using the same freezer 

stocks and culturing conditions as Diaz et al. (2013), it is possible that there were small 

differences in the cultures that were analyzed for each experiment. 

The variety in PO2-,cell:PH2O2,cell ratios is similar to that observed in diatoms of genus 

Thalassiosira (see Chapter 3). In that study, T. oceanica was found to have the 2:1  

PO2-,cell:PH2O2,cell ratio indicative of production of H2O2 through dismutation, which T. 

pseudonana produced considerably more H2O2 than O2
- and T. weissflogii produced considerably 

less H2O2 than O2
-. Organisms producing more H2O2 than O2

- have been observed in other 

studies; for example, H. carterae was shown to produce H2O2 but not O2
- (Palenik et al., 1987). 
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Bacteria produce 1-2 orders of magnitude less H2O2 per cell than diatoms (see Chapter 

3). Much of the ROS production in diatoms has been linked to cell surface processes (Chapter 3). 

If this is also true for bacteria, then the difference in per-cell production could be linked to the 

difference in surface area: rod-shaped bacteria have surface areas of 2-20 µm2 (Diaz et al. 2013) 

while diatoms have surface areas of 600-900 µm2. Thus, bacteria could potentially be producing 

more H2O2 per unit surface area than diatoms. 

 

4.3.2 Decay mediated by bacterial cultures 

Only one study to our knowledge presents actual numbers for kH2O2,cell: Cooper et al. 

(1994) found kH2O2,cell to be 1.4 x 10-7 hr-1 (cells mL-1)-1 for Vibrio alginolyticus and 3.1 x 10-7 hr-

1 (cells mL-1)-1 for E. cloacae. A value for kH2O2,cell can be inferred for V. pelagius in Petasne and 

Zika (1997) by finding the half-life of H2O2 in Fig 5; this gives a value of 9 x 10-8 hr-1 (cells mL-

1)-1. Although these figures are an order of magnitude lower than the kH2O2,cell for Vibrio sp. 

A535, which was found to be 2.12 x 10-6 hr-1 (cells mL-1)-1, they are the same order of magnitude 

as kH2O2,cell for some bacterial species in this study (S. oneidensis and Erythryobacter). 

 

4.3.3 Application of findings to the marine environment 

Bacterially-mediated decay of H2O2 in the ocean was estimated by assuming a total 

bacterial abundance of 106 cells mL-1 in coastal waters (Diaz et al., 2013) and using the median 

decay rate found in this study. This yields a bacterial decay rate coefficient of approximately 

0.066 hr-1. Previously measured values of kloss,H2O2 ranged from 0.019 to 0.110 hr-1 in the Gulf of 

Alaska (Vermilyea et al., 2010a), which indicates that the bacterial contribution to decay might 

be as much as 100% of the total. Decay values measured in the oligotrophic ocean (Avery et al., 
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2005; Petasne and Zika, 1997) of 0.003 to 0.004 hr-1 could also be mostly due to bacteria, if a 

ten-to twenty-fold reduction in bacterial abundance is a reasonable assumption in low-nutrient 

waters. 

The hypothesis that bacteria might be the primary contributors to H2O2 decay in the 

ocean is supported by our previous work at Station ALOHA (Chapter 2). In that study, 

concentrating marine organisms via net tow increased the overall production rate significantly 

compared to seawater samples, but not decay, indicating that the H2O2-decaying organisms were 

too small to be concentrated by a net tow. However, allowing the concentrated organisms to per-

incubate at room temperature for 12-24 hours increased the decay rate 10-fold. Since only 

bacteria can multiply significantly in such a short period of time, it was hypothesized that growth 

of bacteria in the incubation were responsible for the increased decay. These results support the 

conclusion that bacteria are responsible for the majority of the H2O2 decay in the ocean. 

If dark biological production of H2O2 in the ocean is extrapolated using a total bacterial 

abundance of 106 cells mL-1 and using PH2O2,cell for the fairly ubiquitous Sulfitobacter (0.2 amol 

cell-1 hr-1), total estimated bacterial H2O2 production would be 0.2 nM hr-1. If the median value 

for PH2O2,cell in this study is used to extrapolate bacterial H2O2 production, the number rises to 1.5 

nM hr-1. Either of these represents a substantial fraction of the dark H2O2 production rates of 1-4 

nM hr-1 found by Vermilyea et al. (2010a) in the Gulf of Alaska. 
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CHAPTER 5 

IMPLICATIONS AND FUTURE WORK 

 

This chapter will begin by discussing the important findings and methodological 

improvements of the previous chapters. The latter part of the chapter will discuss how to build 

upon these discoveries in future work. 

 

5.1 Implications of this Study 

The projects in this study expanded overall understanding of H2O2 dynamics on both the 

macroscopic (ecosystem) and microscopic (cellular) scales. The impact of each study is 

discussed below. 

 

5.1.1 H2O2 production and decay in the oligotrophic ocean 

The work in Chapter 2 is the first study to evaluate dark H2O2 production in the 

subtropical oligotrophic ocean. It was also one of the few studies to evaluate gross production 

and decay simultaneously, and the only study to date to do so in Prochlorococcus-dominated 

waters. Although production rates are small compared with coastal waters, they are still 

significant compared to photochemical production. 

Dark production is clearly biological, as the strong correlation between PH2O2 and 

kloss,H2O2 in the mixed layer indicates that the day-to-day variability in these quantities is more 

likely linked to biological than methodological factors and is similar to that seen in a previous 

study (Vermilyea et al., 2010a). This study also strengthens the link to biological production by 
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using microbial concentration experiments to show that microbiological abundance might affect 

both production and decay. 

 

5.1.2 Methodological improvements to flow-through method 

The flow-through method, in which cells are immobilized on a filter and the ROS 

concentration of the filtrate is analyzed, was previously used by Kustka et al. (2005) and  Milne 

et al. (2009). However, their methodology did not account for the crucial factor of decay. It was 

assumed that decay was either non-existent or inconsequential, which our trials have shown not 

to be the case. For example, if we had not corrected for decay in our measurements, measured 

values of PH2O2,cell in T. pseudonana would be 20% smaller, while PH2O2,cell would be 

undetectable in T. oceanica.  

The amended analytical methodology is a cross between the Milne flow-through 

methodology and the spiked batch incubations pioneered by Vermilyea et al. (2010a). In short, 

the basic procedure is followed twice: once running regular assay medium through the filter, then 

again using assay medium spiked with added H2O2. This allows for the quantification of both 

production and decay. 

Although decay numbers in the flow-through results in Chapters 3 and 4 are presented as 

percent recoveries, it is possible to convert these to decay rate coefficients (see Section 4.2.5). 

With values for kloss,H2O2 from the flow-through method, and knowing microbial abundances in 

the environment, it is possible to assess the ecological significance of microbial decay. 
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5.1.3 ROS production and decay by diatoms 

Although the work in Chapter 3 is the first study to evaluate both production and decay of 

ROS in diatoms, these numbers do not comprise its most compelling result. Rather, the most 

staggering impact is the indication of the sheer variety of ROS production mechanisms that are 

likely to exist in the microbial world, even amongst closely related species. For example, of the 

three species of Thalassiosira studied, one (T. oceanica) likely produces all of its H2O2 via 

dismutation of O2
-; one (T. pseudonana) produces considerably more H2O2 than can be 

accounted for by O2
- dismutation; and the third (T. weissflogii) makes far more O2

- than H2O2, 

indicating that O2
- is destroyed by a reaction other than dismutation. Of the other diatoms 

studied, C. cryptica did not produce ROS, while exudates from P. tricornutum cells (but not the 

cells themselves) produced H2O2 and possibly O2
-. 

Other production pathways are suggested by the differences between light and dark ROS 

production. T. oceanica produces significantly more H2O2 in the light than in the dark, while T. 

pseudonana produces the same amount under both conditions. All of the Thalassiosira spp. 

showed similar differences between light and dark PO2- whether the cultures were live or killed 

(figure 3.6), implying that at least one production mechanism operates in the light regardless of 

metabolic activity. 

The variety of ROS production rates and mechanisms observed in this study suggest that 

it is not practical to use one microbial species as a “test case” to estimate ROS production by the 

microbiome in an ecosystem. 
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5.1.4 Production and decay of H2O2 by bacteria 

As with the diatoms in Chapter 3, bacteria showed a variety of H2O2 production and 

decay rates. While it was harder to evaluate H2O2 production pathways in bacteria than in 

diatoms due to variability in results, the PH2O2,cell:PO2-,cell ratio hints that, once again, there are 

likely to be a number of mechanisms at play. 

Decay rates were more consistently measured and show that bacteria are likely to be the 

predominant degraders of H2O2 in the environment. A wide spectrum of cell concentration 

normalized decay rate coefficients was observed, spanning two orders of magnitude and 

suggesting that different mechanisms might govern this process in different organisms. Results 

from Marinobacter suggest that decay is not necessarily a pseudo-first order process. 

 

5.2 Expansion of current work 

While the previous sections have discussed important findings of this project, they have 

also raised several unanswered questions. The following sections describe possible future 

projects that follow from the results of this project. 

 

5.2.1 Linking of H2O2 production and decay in the oligotrophic ocean to microbiological 

parameters 

In Appendix I, we attempted to link biological production of H2O2 in freshwater sites to 

geochemical and microbiological parameters and found that while H2O2 decay was correlated 

with chlorophyll levels, H2O2 production was more likely linked to specific microbial species. 

By contrast, the concentration in experiments in Chapter 2 showed that PH2O2 was linked to a 
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generalized concentration of microbes, while kloss,H2O2 appeared to be a function of bacterial 

abundance. 

To better understand H2O2 dynamics in the oligotrophic ocean, it would be useful to do a 

study that correlated variations in the microbiological community with kloss,H2O2 and PH2O2. In the 

freshwater study in Appendix I, we sampled a variety of field sites to look for these correlations. 

While a similar strategy might work for the ocean, it appears that there is enough temporal 

variation in PH2O2 and kloss,H2O2 at Station ALOHA to do an initial study solely at that location. 

This could be accomplished by using each day’s water samples to for both spiked batch 

incubations and DNA collection. DNA collected could be run using 16S rRNA and 18S rRNA 

primers to do microbial community ecological analysis for each day. 

 

5.2.2 Investigation of non-first-order kinetics for enzymatic decay of H2O2 

For most of the diatoms and bacteria studied, decay appeared to follow the pseudo-first 

order kinetics assumed by our model. However, for both diatom T. weissflogii and bacterium 

Marinobacter sp. AzsJAc-4, flow-through results suggest that H2O2 decay is not pseudo-first 

order, bur rather occurs at higher rates at lower concentrations of H2O2. One possibility is that 

the system could be governed by Michaelis-Menten kinetics. 

It would be instructive to determine how these organisms differ from the others. For 

example, when kloss,H2O2 was evaluated for Marinobacter cultures via spiked batch incubations, 

decay seemed to follow simple pseudo-first order kinetics. Thus, decay mechanisms for these 

organisms may depend on external conditions. A study might explore how changing conditions 

(such as flow rates or nutrient deprivation) affects decay mechanisms and, potentially, overall 

system H2O2 dynamics. 
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5.2.3 Further research on H2O2 production pathways 

Finally, the sheer variety of possible production pathways shown in diatoms in Chapter 3 

suggest a field ripe for future exploration.  

Our incubation of spent cell medium for P. tricornutum was prompted by the observation 

that both [H2O2] and [O2
-] spiked dramatically while the cells were being loaded on the filter. 

While no other diatom species exhibited such a dramatic spike in ROS concentrations, some did 

display a modest increase during loading that suggests that there might be similar ROS-

producing cell exudates at work in the growth medium, albeit in smaller quantities. It is unclear 

how long lasting the impact of these exudates on an ecosystem might be—our experiments were 

limited to 5 hr—but they could potentially affect the H2O2 dynamics of a system for days after 

the death of the microbes. 

The striking increase of PO2- under light conditions, which remained constant whether the 

cells were live or killed, indicates the presence of a passive cell-surface process. To date, field 

studies on ROS production have primarily distinguished biological production from other 

processes by running incubations in the dark. However, O2
- production by chromophores, as 

suggested by the diatom study, would suggest that a substantial fraction of light O2
- production in 

an ecosystem could be biological rather than photochemical. 

Many other ROS production pathway experiments could be conceived, but even 

investigating these two would greatly increase our understanding of the impact of individual 

microbes on the ROS dynamics of an ecosystem. 
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APPENDIX A 
 

SPATIAL AND TEMPORAL VARIABILITY OF WIDESPREAD DARK PRODUCTION 
AND DECAY OF HYDROGEN PEROXIDE IN FRESHWATER 

 
 

The work presented in this chapter was conducted as a joint project and is in press at  

Aquatic Sciences as a manuscript of the same name. Authors on this paper are Ryan M. Marsico, 

Robin J. Schneider, Bettina M. Voelker, Tong Zhang, Julia M. Diaz, Colleen M. Hansel, and 

Shuichi Ushijima. 

 

A.1 Abstract 

Hydrogen peroxide (H2O2) is an oxidant and reductant of redox active metals and a 

potential source of strong oxidants such as the hydroxyl radical (HO•). H2O2 production in 

freshwater has been largely attributed to photo-oxidation of chromophoric dissolved organic 

matter (CDOM), while its decay has been linked to enzymatic processes as well as to chemical 

reactions with metals. More recently, however, microorganisms were postulated as a significant 

source as well as a sink of H2O2 in freshwater. In this study, we examined the spatial and 

temporal variability of dark H2O2 production rates (PH2O2) and pseudo-first order dark decay rate 

coefficients (kloss,H2O2) in incubations of water samples from sits with a range of trophic states in 

Colorado (CO) and Massachusetts (MA). Observed values of PH2O2 and kloss,H2O2 ranged from 3 

to 259 nM hr-1 and 0.02 to 8.87 hr-1, respectively. Microbial cell numbers and chlorophyll 

content correlated strongly with kloss,H2O2 while filtering the freshwater samples removed the 

majority of kloss,H2O2, indicating breakdown by biota as the major sink of H2O2. Dark production 

of H2O2 was also ubiquitous, but PH2O2 was not well correlated with indicators of microbial 

abundance. For instance, several oligotrophic sites (with low kloss,H2O2) exhibited moderately high 
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PH2O2, while a sample with unusually high chlorophyll content (and a correspondingly high 

kloss,H2O2) had a relatively low PH2O2. One possible explanation for this phenomenon is that the 

ability to break down H2O2 is similar among different microorganisms, but the ability to produce 

H2O2 differs with microbial composition. 

 

A.2 Introduction 

Hydrogen peroxide (H2O2), a reactive oxygen species (ROS), plays an important role for 

aquatic life in freshwater due to its involvement in the redox cycling of metals. For example, 

H2O2 is known to be an oxidant of ferrous iron in the Fenton reaction and a reductant of 

manganese oxides (Moffett and Zika, 1987; Sunda and Huntsman, 1994; Vermilyea et al. 

2010b). The Fenton reaction produces hydroxyl radical (HO•) and other strong oxidants, which 

can break down environmentally relevant recalcitrant organic molecules (Pignatello et al., 2006; 

Vermilyea and Voelker, 2009). 

In natural aquatic environments, H2O2 is generated from both light dependent and 

independent processes. Photochemically excited chromophoric dissolved organic matter 

(CDOM) can reduce dissolved oxygen to form superoxide (O2
-) as an intermediate to H2O2 

production (Cooper et al. 1988; Scully et al., 1995; Andrews et al., 2000). However, several field 

studies have observed non-zero steady state concentrations of H2O2 in freshwater systems during 

the night (Cooper and Lean, 1989; Richard et al., 2007). Since H2O2 decomposition continues in 

the dark (abiotically via redox reactions or biotically via catalase or peroxidase enzymes), H2O2 

would decay to low levels if it were not simultaneously produced. Thus, H2O2 must be actively 

produced in the absence of light (Zepp et al., 1987). 
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Simultaneous dark production and decay of H2O2 were previously confirmed by using 

lake water incubations with an added isotope labeled tracer (H2
18O2), the first experiments of this 

kind performed in freshwater (Vermilyea et al., 2010b).  Dark H2O2 production rates (PH2O2) 

varied among several Denver Metropolitan area lakes (e.g. 29-122 nM hr-1), and were up to an 

order of magnitude higher than the estimated depth-averaged rates of photochemical production 

(Vermilyea et al., 2010b). In the same study, pseudo-first order decay rate coefficients (kloss,H2O2) 

ranged from 0.33 to 1.7 hr-1. A second study applied the H2
18O2 tracer technique to in situ 

mecocosms in a Nebraska agricultural headwater (Maple Creek), and showed that total 

production of H2O2 in the stream was far greater than that expected from abiotic photoproduction 

alone (Dixon et al., 2013). 

Both Vermilyea et al. (2010a) and Dixon et al. (2013) attributed dark production of H2O2 

to biological sources, since the ability of both bacteria and algae to produce extracellular ROS in 

the dark has been demonstrated in culture studies. For example, dark superoxide production has 

been observed in a broad diversity of heterotrophic bacteria isolated from marine, freshwater, 

and terrestrial environments (Diaz et al., 2013). Cultured algae have also been shown to produce 

extracellular ROS in the dark (Oda et al., 1997; Kim et al., 2000; Kim et al., 2005; Garg et al., 

2007; Kim et al., 2007; Liu et al., 2007). In addition, fungal species are capable of producing 

H2O2 for cell signaling (Aguirre et al., 2005; Silar, 2005; Rose, 2012.) While culture experiments 

provide us insight into the diversity of organisms that produce ROS in the laboratory, little 

knowledge is available regarding the range of biological production and decay rates that occur in 

freshwater environments, and the ecological and/or geochemical factors affecting their 

magnitude. 
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The goals for this study were (i) to quantify the extent of spatial and temporal variability 

in the rates of dark H2O2 production and decay in natural freshwater systems, (ii) to determine 

whether there is a relationship between standard geochemical parameters (such as nutrients, 

dissolved organic carbon (DOC), and dissolved metals) and rates of dark production and decay, 

and (iii) to examine the contributions of different types of microbial organisms (i.e. bacteria 

versus phototrophs) to dark H2O production and decay. We conducted a field survey to quantify 

dark PH2O2 and kloss,H2O2 in widely varying freshwater settings and conditions. We also measured 

nutrients, dissolved metals, DOC, and indicators of biological abundance (chlorophyll content 

and cell density) for specific sites. 

 

A.3 Materials and Methods 

The field sites sampled in Colorado (CO) and Massachusetts (MA) include bodies of 

water with different trophic states influenced by assorted land uses. Badger, Bijou, and Box 

Elder Creeks are streams that flow through agricultural plains near the towns of Wiggins, Fort 

Morgan, and Brush, CO, respectively. South Pawnee Creek flows through the Pawnee National 

Grasslands in northern CO. Cold Spring (North Boulder Creek) is a stream north of the foothill 

town of Nederland, CO while Barker Reservoir is a treated stream-fed lake residing within 

Nederland’s border. Mirror Lake at Big Elk Meadows (referred to as Mirror Lake herein) was 

one of five lakes nestled in a catchment area adjacent to a development in the Rocky Mountain 

foothills near the town of Lyons, CO (all five lakes ceased to exist when the 2013 Colorado 

floods washed away the dams that created them). Big Elk Meadow’s private homeowner’s 

association lake management determined that Mirror Lake was hypereutrophic, and receives high 

inputs of nutrients from septic tank leakage. Clear Creek was sampled upstream and downstream 



	   96	  

from Black Hawk, CO with the downstream water potentially influenced by acid mine drainage. 

Boulder Creek flows from mountain sources through Boulder Canyon, and water samples were 

collected near CO Route 119. Crown Hill Lake resides in the Denver suburb of Wheat Ridge, 

CO and is fed by storm drainage. Spring-fed Sloan’s Lake exists within Denver’s city limits, the 

most densely populated area that we sampled. Denver area lakes, including Sloan’s Lake, are 

known to be eutrophic to hypereutrophic (Dudley, 2004). 

The MA samples were collected to expand the range of geochemical and geographic 

variability of our study. All MA samples were collected in low population density suburban 

areas. All MA sites have a pH<7, while all Colorado sites have a pH>8. Additionally, Ashumet 

Pond is known to have relatively high Mn concentrations. Three freshwater ponds on cape Cod 

were sampled, including Santuit, Ashumet, and John’s Ponds. The Assabet River, the largest 

stream sampled in terms of volume, and Lake Boon, a dammed lake adjacent to the Assabet 

River, are approximately 30 miles west of Boston, MA. Table A.3 contains information on pH, 

conductivity (µS), and water temperature of each field site. Figures A.6 and A.7 contain the 

relative locations and GPS coordinates of the CO and MA field sites, respectively. 

 

A.3.1 Natural water sample collection and transfer 

Unfiltered freshwater samples were collected from the field sites near the shore-line 

(littoral zone) using 1 L amber Nalgene bottles filled to ¾ full for the dates 7/25/11 through 

6/20/2012. Once collected, the samples were kept on ice in a standard cooler and transferred to 

the laboratory for cold storage and analysis. For all dates after 6/20/12, 5-10 L of unfiltered 

freshwater samples were collected in 19 L carboys. The carboys were brought back to the 
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laboratory immediately for redistribution into 1 L Nalgene bottles for cold storage (if needed) 

and analysis. 

2012 Sloan’s Lake samples were incubated and analyzed within 1-2 hours of sample 

collection, which took place before 10 am local time.  All 2011 samples were obtained between 

10 am and 3 pm while 2012 Mirror Lake samples were obtained between noon and 12:30 pm, 

and stored in the dark overnight (14 to 15 hours) either on ice or in a standard refrigerator (4 oC) 

before being incubated and analyzed the following day. 

Nalgene bottles were cleaned before use by soaking in 30% isopropyl alcohol overnight, 

rinsing with nanopure water, soaking in 3% nitric acid at least overnight, and then rinsing with 

nanopure water. The carboys were rinsed with nanopure water, soaked in 30% isopropyl alcohol 

overnight and rinsed with nanopure water, 3% nitric acid, and, again, nanopure water on the 

same day as it was used. 

 

A.3.2 Incubation experiments 

To measure both PH2O2 and kloss,H2O2 during incubations of freshwater samples, we used 

the isotope-tracer procedure as described in Vermilyea et al. (2010b). H2
18O2 is not produced 

naturally in significant quantity, but decays by the same processes as total H2O2. Measurement of 

both the absolute decay rate of H2
18O2 as well as the change in total H2O2 (which is affected by 

both production and decay) allows for the calculation of the H2O2 production rates (PH2O2). 

Before analysis, the freshwater samples were brought to and incubated at room 

temperature (~22 oC) in a water bath and then spiked with 300-800 nM H2
18O2. The 2011 

freshwater samples were incubated in 60 mL syringes which were covered with aluminum foil to 

prevent exposure to ambient light. The 2012 freshwater samples were incubated in 1 L opaque 
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amber Nalgene bottles with minimum headspace (<20mL) which were placed in a water bath at 

room temperature.  Filtered controls were incubated under the same conditions after passing the 

water sample through a membrane filter (Pall Corp. 0.2 µm Acropak). To eliminate any 

interference from the filter material, the filter was pre-rinsed with at least 0.5 L of the water 

sample. 

Aliquots from the incubations were removed at a minimum of every hour until a steady 

state signal was reached after spiking with H2
18O2 (typically 3-7 hours). Each sample was 

syringe filtered (Millipore 0.2 µm PES), and the filtrate was analyzed for total [H2O2] and 

[H2
18O2]. The syringe filters were pre-cleaned with 3 mL of 0.1 M HCl followed by 5 mL of 

nanopure water (Vermilyea et al. 2010b). Total [H2O2] was measured immediately, using flow 

injection analysis (see following section for details). Samples for H2
18O2 were processed 

immediately, preserved, and analyzed within a week using gas chromatography mass 

spectrometery (GCMS). See Vermilyea et al. (2010b) for preservation and analysis details. 

On 8/17/12 and 9/4/12-9/20/12, incubations were not conducted with H2
18O2. Instead, 

PH2O2 and kloss,H2O2 were obtained from a set of parallel incubations as described by a previously 

published procedure (Vermilyea et al. 2010a) which we will refer to here as “spiked batch 

incubations.” Briefly, an unaltered sample was incubated along 2 to 3 samples of the same wtare 

spiked with additional H2O2 (e.g., +100 nM, +200 nM, and +300 nM H2O2). Aliquots drawn 

from each bottle were syringe-filtered, and total [H2O2] was measured hourly using flow 

injection analysis. 
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A.3.3 Total and labeled H2O2 analysis 

Total H2O2 was measured using flow injection analysis on a FeLume (Waterville 

Analytical) with the acridinium ester method (Cooper et al., 2000, Vermilyea et al., 2010b). 

Briefly, an aliquot of sample was injected into a stream of carrier (nanopure water treated with 

10 units catalase L-1) and then combined with acridinium ester solution (1 µm, pH 3). As the 

sample/AE mixture entered a spiral flow cell adjacent to the photomultiplier tube, it was 

combined with a carbonate buffer (pH 10.2-10.5) solution, which initiated the base-catalyzed 

reaction of acridinium ester with H2O2. 

H2
18O2 sample preparation and measurement were conducted as previously described by 

Vermilyea et al. (2010b). All measurements were analyzed on a cryogenic Hewlett Packard (HP) 

Agilent 5973 gas chromatograph with a 6890 HP mass spectrometer detector equipped with a 

mole sieve column (HP-PLOT MoleSieve, 30m x 320 mm ID, 12 µm film thickness). Our 

temperature program used a -60 oC oven temperature held for 4.5 min, followed by a ramp up to 

120 oC at 120 oC min-1. The detector was set to approximately 1700 V. All concentrations are 

reported in terms of H2
18O2, rather than the true 18O2 headspace concentration.  Calibration 

standards of 0, 200, 400, and 600 nM H2
18O2 were prepared in nanopure water. 

Quality control standards of 400 nM H2
18O2 in nanopure water were also prepared and 

stored for the same amount of time as the freshwater samples before analysis on the GCMS. A 

quality control standard was measured on the GCMS after every 10 samples. 

 

A.3.4 Determination of production and decay rates 

We assume that the concentration of isotope-labeled H2O2, [H2
18O2], undergoes simple 

exponential decay, and can be modeled by the equation: 
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   𝐻! 𝑂!"
! = 𝐻! 𝑂!"

! !
𝑒!!!"##,!!!!!      (A.1) 

We further assume that the change in the concentration of total H2O2, [H2O2], is the net 

result of a constant rate of production as well as first-order decay: 

 ! !!!!
!"

= 𝑃!!!! − 𝑘!"##,!!!! 𝐻!𝑂!      (A.2) 

This differential equation has the solution:  

  𝐻!𝑂! = !!!!!
!!"##,!!!!

− !!!!!
!!"##,!!!!

− 𝐻!𝑂! ! 𝑒!!!"##,!!!!!    (A.3) 

Data from the isotope-tracer method were modeled using equations A.1-A.3. H2
18O2 data 

were fitted to equation A.1 and the data for total [H2O2] were fitted to equation (3) 

simultaneously, using the Solver function in Microsoft Excel. Decay and production rate data 

from the spiked batch incubations were modeled using equations 2-3 only, as described in 

Vermilyea et al. (2010a), since an isotope-tracer was not used. In this case, the data of the 

parallel spiked batch incubations were fitted simultaneously to equation A.3 also using the 

Solver function of Microsoft Excel. 

To determine background PH2O2 and kloss,H2O2 for our experiments, we incubated nanopure 

water in a syringe on 8/10/2011 (same date as the Clear Creek sample collections) and in a dark 

Nalgene bottle on 8/1/2012 (same date as a Mirrof Lake sample collection).  These two nanopure 

controls both had PH2O2 vales of 0 nM hr-1 and the kloss,H2O2 values were 0.03 and 0.02 hr-1 for 

Clear Creek and Mirror Lake, respectively. These background signals were similar to those 

determined previously by our lab, where PH2O2 = 11 ± 9 nM hr-1 and kloss,H2O2 = 0.016 ± 0.015 hr-

1 (N=4, Vermilyea et al. 2010b). 

Replicate incubation experiments were not always conducted due to the limited 

throughput of sample analysis. However, we did obtain duplicate measurements using the 

isotope-tracer method with unfiltered water samples from six different field sites, each conducted 
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on a different day (Table A.1).  Using these duplicate measurements, we calculated a pooled 

percent relative standard deviation (%RSDpooled) of 32% for production rates. Using the same 

strategy for decay, we determined a pooled %RSDpooled of ±15%. These standard deviations 

imply high uncertainties in production rates, with 95% confidence limits of 78% of the value of 

individual measurements and 55% of the average value of two duplicate measurements. For  

Table A.1. Calculation of pooled percent relative standard deviation (%RSDpooled) using 
duplicate PH2O2 and kloss,H2O2 measurements of select field sites for the isotope tracer and spiked 
batch incubation methods. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Sites – IT Method 

Replicate 
P1 (nM h-1) 

Replicate 
P2 (nM h-1) 

 
Mean 

 
P1/Mean 

 
P2/Mean 

 
%RSD 

Badger Creek 70 137 104 68 132 46 
Bijou Creek 91 133 112 81 119 27 
Box Elder Creek 42 74 58 72 128 39 
Barker Reservoir 3.1 2.6 2.9 108 92 12 
ML-BEM 8/10/12 172 199 185.5 93 107 10 
SL 8/24/12 135 74 104.5 129 71 41 
     %RSDpooled 32.4 
Sites – SBI Method       
SL 9/4/12 90 150 120 75 125 35 
SL 9/11/12 96 105 101 96 104 6 
SL 9/20/12 101 79 90 112 88 17 
     %RSDpooled 23.0 
 
Sites – IT Method 

Replicate 
k1 (h-1) 

Replicate 
k2 (h-1) 

 
Mean 

 
k1/Mean 

 
k2/Mean 

 
%RSD 

Badger Creek 0.66 0.58 1.05 106 94 9 
Bijou Creek 0.56 0.49 0.61 106 94 9 
Box Elder Creek 0.53 0.56 1.36 90 110 15 
Barker Reservoir 0.11 0.16 0.14 81 119 27 
ML-BEM 8/10/12 1.22 1.54 1.38 89 111 16 
SL 8/24/12 0.75 0.61 0.68 110 90 14 
     %RSDpooled 15.0 
Sites – SBI Method       
SL 9/4/12 1.80 2.40 2.10 86 114 20 
SL 9/11/12 1.06 1.20 1.13 94 106 9 
SL 9/20/12 0.75 0.59 0.67 112 88 17 
     %RSDpooled 16.0 
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For decay rate coefficients, the 95% confidence limits are 37% of individual 

measurements and ±26% of the average of two duplicate measurements. These confidence limits 

were used to place error bars on the measurements of unfiltered samples obtained by the isotope 

tracer method. 

To determine the uncertainty for the spiked batch incubation method, we duplicated 3 

separate unfiltered incubation experiments (all from Sloan’s Lake) and calculated a %RSDpooled 

of ±23% and ±16% for production rates and decay rate coefficients, respectively (Table A.1). 

Therefore, 95% confidence limits on production rates measured by this technique are ±73% of 

the value of individual measurements and ±52% of the average value of two duplicate 

measurements. For decay rate coefficients, the 95% confidence limits are 52% of individual 

measurements and ±36% of the average of two duplicate measurements. These confidence limits 

were used to place error bars on the measurements of unfiltered samples obtained by the spiked 

batch incubation method. 

 

A.3.5 Nutrients and anions by Ion Chromatography (IC) 

Nutrients (NO3
-, PO4

3-) and other salt anions (F-, Cl-, Br-, SO4
2-) were measured using an 

ion chromatograph (Dionex ICS-90, EPA method 300.1). Pre-packaged sterile 15 mL FalconTM 

tubes were used to collect filtered samples in the field. The 2011 samples were filtered using 0.2 

µm PES syringe filters (Millipore) and the 2012 samples were filtered through a 0.22 µm 

Sterivex GP filter. After filtering, the IC samples were transported on ice and stored frozen for 

up to 3 weeks before analysis. Nanopure field blansk were below detection limit  (BDL) except 

for nitrate (ranged from BDL to 0.09 mg L-1). The blank values were not subtracted from values 

reported. 
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A.3.6 Dissolved Organic Carbon (DOC) 

DOC was measured using a Total Organic Carbon Analyzer (Sievers model 5310C). 

Environmental Sampling and Supply’s certified pre-cleaned (of trace organics) 125-250 mL 

amber glass bottles were filtered through a 0.2 µm PES syringe filter (Millipore) and the 2012 

samples were filtered using 0.22 µm Sterivex GP filters. After filtering, the DOC samples were 

transported on ice and refrigerated for up to 3 weeks before analysis. Before refrigeration, the 

samples were acidified to pH <2 using concentrated phosphoric acid. Nanopure field blank DOC 

ranged from 0.33 to 1.50 mg L-1 and were not subtracted from values shown. 

 

A.3.7 Dissolved metals (Cu, Fe, Mn) by Inductively Coupled Plasma—Atomic Emission 
Spectroscopy (ICP-AES) 
 

Dissolved Cu, Fe, and Mn were quantified by ICP-AES (Perkin Elmer 3000). Pre-

packaged sterile 15 mL FalconTM tubes were used to collect the filtered samples in the field. The 

2011 samples were filtered using 0.2 µm PES syringe filters (Millipore) and the 2012 samples 

using a 0.22 µm Sterivex GP filter. After filtration, the dissolved metal samples were transported 

on ice and refrigerated for up to 3 weeks before analysis. Before refrigeration, the samples were 

acidified to pH <2 using concentrated nitric acid. Nanopure field blank values for Cu were BDL; 

Fe blanks ranged between 0.5 to 7.5% of individual sample concentrations depending on the date 

sampled; Mn blanks were BDL to 7% of individual sample concentrations. Reported 

concentrations were not corrected for these blanks. 
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A.3.8 Chlorophyll by Ultraviolet-Visible Spectroscopy (UV-Vis) 

Total chlorophyll concentrations were determined by a UV-Vis spectrometer (Hewlett 

Packard 8453 Chemstation Software, with a Tungsten Lamp) utilizing EPA method 446.0. The 

samples were collected in 250 mL Nalgene amber bottles and transported back to the laboratory 

on ice. Chlorophyll samples were processed in the laboratory by concentrating them on 47-mm 

0.7-µm nominal porosity (GF/F Whatman Millipore AP-40) filter paper immediately upon 

return. They were then wrapped in aluminum foil and stored in the dark at -20 oC for up to 2 

weeks before analysis. The chlorophyll data are averages of triplicate measurements on all 

occasions except for Crown Hill Lake (8/23 and 9/29), Boulder Creek, and Santuit Pond, when 

duplicate measurements were made. Standard deviations of chlorophyll measurements are 

provided in Table 4. Nanopure field blanks that were brought on site were also processed and 

analyzed in the same manner and values were <5% of the sample values. 

 

A.3.9 Water temperature, conductivity, and pH 

Water temperature (Twater, oC) and conductivity (µS) were measured using a CHEMetrics, 

Inc. field conductivity meter by directly submerging the meter into the body of water. pH was 

measured in a similar manner using a CHEMetrics, Inc. field pH meter. See Table A.3. 

 

A.3.10 Cell counts 

Natural water taken from Mirror Lake on 7/19/12 and Sloan’s Lake from 8/17 to 9/20/12 

was preserved to count algae, cyanobacteria, and bacteria using fluorescence microscopy. Cells 

were fixed with 4% formaldehyde and then stored at -20oC. Natural water samples were thawed 

and stained with 4’,6-diamidino-2-phenylindole (DAPI) prior to counting bacterial cells. The 
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abundance of bacterial cells were represented by DAPI counts of spherical cells with a diameter 

< 1 µm and rod-shaped cells with a diameter < 1 µm and length < 4 µm. Round-shaped algal 

cells and filamentous cyanobacterial cells were also obwerved and counted in the water samples. 

All cell counts were performed for 20 random fields of view on an epifluorescence microscope. 

See Figure A.8 and Table A.5 for cell counts per mL. 

 

A.4 Results and Discussion 

A two-year survey of freshwater systems in Colorado (CO) and Massachusetts (MA) 

shows that the dark production and decay of H2O2 are ubiquitous. Our 2011 data establishes the 

spatial variability in PH2O2 and kloss,H2O2 among 16 different sites with a range of trophic states 

(Figures A.1a and A.1b respectively). The 2012 data constitutes a study of temporal variability 

of PH2O2 and kloss,H2O2 at 2 sites over the course of late spring to late summer for Sloan’s Lake and 

from July to August for Mirror Lake (Figures A.2a and A.2b, respectively). Both Sloan’s Lake 

and Mirror Lake are considered to be eutrophic to hypereutrophic based on our chlorophyll 

measurements and consistent with past knowledge of their trophic states (Dudley 2004).  

While much of the variability in PH2O2 observed in the spatial study falls within the 

uncertainty of our measurements, very low PH2O2 values were observed at some of the 

oligotrophic sites (Figure 1a). For example, Barker Reservoir and Boulder Creek had H2O2 dark 

production rates similar to background signals (PH2O2 ~ 3.0 nM hr-1). Agriculturally influenced 

streams generally had much higher production rates. For example, PH2O2 at Bijou Creek was as 

high as 112 nM hr-1 and Crown Hill Lake, a lake in a Denver suburb, had one of the highest dark 

production rates of H2O2 (226 nM hr-1). 
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The same oligotrophic CO foothill lakes and streams also had some of the lowest decay 

rates, though these sere somewhat higher than those we measured in nanopure blanks (e.g. 

Barker Reservoir, 0.14 hr-1, Figure A.1b). Higher kloss,H2O2 was observed for sites influenced by 

agriculture (e.g. Bijou Creek, 0.53 hr-1). The highest decay rate for the 2011 spatial variability 

study was at urban Sloan’s Lake with kloss,H2O2= 1.46 hr-1. 

 

 

 

Figure A.1. The inter-site spatial variability of a) dark PH2O2 in nM hr-1 and b) dark kloss,H2O2 in 
hr-1 from CO and MA during 2011. The black bars are replicates of a particular field site. 

 

0 

50 

100 

150 

200 

250 

P H
2O

2 
(n

M
 h

-1
) 

a	  

0.0 

0.3 

0.6 

0.9 

1.2 

1.5 

B
ad

ge
r C

re
ek

 7
/2

5 
-1

 
B

ad
ge

r C
re

ek
 7

/2
5 

-2
 

B
ijo

u 
C

re
ek

 7
/2

5 
-1

 
B

ijo
u 

C
re

ek
 7

/2
5 

-2
 

B
ox

 E
ld

er
 C

re
ek

 7
/2

5-
1 

B
ox

 E
ld

er
 C

re
ek

 7
/2

5-
2 

B
ar

ke
r R

es
ev

oi
r 8

/3
-1

 
B

ar
ke

r R
es

ev
oi

r 8
/3

 -2
 

C
ol

d 
S

pr
in

g 
8/

3 
-1

 
C

ol
d 

S
pr

in
g 

8/
3 

-2
 

C
le

ar
 C

re
ek

 U
p 

8/
10

 
C

le
ar

 C
re

ek
 D

ow
n 

8/
10

 
C

ro
w

n 
H

ill
 L

ak
e 

8/
23

 
C

ro
w

n 
H

ill
 L

ak
e 

9/
29

 
S

lo
an

's
 L

ak
e 

10
/6

 
S

. P
aw

ne
e 

C
re

ek
 1

0/
9 

B
ou

ld
er

 C
re

ek
 1

0/
17

 
A

ss
ab

et
t R

iv
er

 1
0/

18
 

La
ke

 B
oo

n 
10

/1
8 

Jo
hn

's
 P

on
d 

11
/1

 
S

an
tu

it 
P

on
d 

11
/1

 
A

sh
um

et
 P

on
d 

11
/4

 

k l
os

s,
H

2O
2 (

h-
1 )

 

b	  



	   107	  

The variation of dark H2O2 production and decay rates in the temporal study (Figure 2) 

was smaller than in the spatial study, except for the unusually high decay rate observed in 

Sloan’s Lake water on 8/29. This decay rate (8.87 hr-1) occurred during a visually observed, 

unusually dense algal bloom, and did not correspond to a particularly high value of PH2O2 (137 

nM hr-1). The peak PH2O2 at Sloan’s Lake was 259 nM hr-1 on 8/17 during another noticeable 

algal bloom, while the lowest PH2O2 was roughly an order of magnitude lower on 6/14 at 38 nM 

hr-1. In Mirror Lake water, the highest PH2O2 and kloss,H2O2 were also measured during a visually 

 

 

Figure A.2. Intra-site temporal variability of a) dark PH2O2 in nM hr-1 and b) dark kloss,H2O2 in hr-1 
over the summer months within two sites in CO (2012). Sloan’s Lake ( ) follow the solid line 
average and Mirror Lake ( ) follows the dashed line average. Asterisk indicates use of spiked 
batch incubation rather than the isotope tracer method. Data points vertical from each other are 
replicates of a particular field site. 
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observed algal bloom on 7/18 at values of 219 nM hr-1 and 2.27 hr-1, respectively. The lowest 

PH2O2 and kloss,H2O2 values at Mirror Lake occurred on separate dates without observed algal 

blooms, with values of 56 nM hr-1 and 0.81 hr-1, respectively. Even the lowest PH2O2 and kloss,H2O2 

measured at hypereutrophic Mirror Lake were still similar to or higher than the larger values 

observed in eutrophic sites (e.g. Box Elder Creek) in the 2011 spatial variability study (Figure 

A.1). 

 

A.4.1 Attributing dark PH2O2 and kloss,H2O2 to microorganisms 

Filtering (0.22 µm) of the freshwater samples consistently decreased kloss,H2O2, and 

decreased PH2O2 in Sloan’s Lake samples, but not always Mirror Lake samples (Figure A.3). A 

standard Student’s t-test as conducted when replicate measurements of both unfiltered and 

filtered samples were obtained (Sloan’s Lake samples on 8/24, 9/4, 9/11, and 9/20) and showed 

that the difference between unfiltered and filtered production rates (Figure A.3a) was significant  

(p <0.05 on 9/20 and p < 0.1 in the other three). The difference between filtered and unfiltered 

decay rates was highly significant in all four of the cases tested (Figure A.3b). The strong effect 

of filtering on kloss,H2O2 may indicate that microbes are a significant sink of H2O2 (i.e. kloss,H2O2) 

since filtering also removed >99% of microbial cells (with a few exceptions; see Table A.5 for 

cell counts in filtered water). Microbes are often equipped with anti-oxidant enzymes (e.g. 

catalase and superoxide dismutase) that break down ROS in the environment (Cooper and Zepp, 

1990; Cooper et al., 1994). While we cannot rule out reactions with inorganic particulates larger 

than 0.22 µm as a loss mechanism, these reactions are probably too slow to account for the rapid 

decay rates we observed in these systems (Kwan and Voelker, 2002; Petigara et al., 2002; Scott 

et al., 2002). 
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The difference between unfiltered and filtered production rates in Sloan’s Lake water 

(Figure A.3a) indicates that dark PH2O2 is also predominantly attributable to particles (> 0.22 

µm), probably biota.  However, the larger residual dark PH2O2 in Mirror Lake filtered samples, 

observed on 7/18, 7/25, and 8/10 (Figure A.3a), suggests that the dissolved fraction (<0.22 µm) 

can also be a source of H2O2 at Mirror Lake. Oxidation of reduced natural organic matter (Page 

et al., 2012), enzymes exuded from microbial cells, or enzymes released from cell surfaces 

during filtering may be responsible for dark PH2O2 (Learman et al., 2011; Learman et al., 2013). 

 

 

Figure A.3. A comparison of a) dark PH2O2 in nM hr-1 and b) dark kloss,H2O2 in hr-1 in unfiltered 
(solid line) and filtered (bars) samples. Asterisk indicates use of spiked batch incuations rather 
than the isotope tracer method. Replicates of filtered samples (black bars) are sometimes 
compared to a single unfiltered value from the same experiment when unfiltered replicates were 
not done (and vice versa). 

 

0 

2 

4 

6 

8 

10 

M
LB

E
M

 7
/1

8 
M

LB
E

M
 7

/2
5 

-1
 

M
LB

E
M

 7
/2

5 
-2

 
M

LB
E

M
-8

/1
/2

01
2 

M
LB

E
M

 8
/1

0 
-1

 
M

LB
E

M
 8

/1
0 

-2
 

S
L-

8/
17

/2
01

2*
 

S
L 

8/
24

 -1
 

S
L 

8/
24

 -2
 

S
L 

8/
29

 -1
 

S
L 

8/
29

-2
 

S
L 

9/
4 

-1
* 

S
L 

9/
4 

-2
* 

S
L 

9/
11

 -1
* 

S
L 

9/
11

 -2
* 

S
L 

9/
20

 -1
* 

S
L 

9/
20

 -2
* 

k l
os

s,
H

2O
2 

(h
-1

) 

b	  

0 

50 

100 

150 

200 

250 

P H
2O

2 
(n

M
 h

-1
)	  

a	  



	   110	  

The decay parameter, kloss,H2O2, was generally well correlated with total microbial cell 

counts per mL (R2 = 0.91, p < 0.001, N = 7, Table A.2) as well as with algal cell counts (R2 = 

0.95, p < 0.001, N=7, Table A.2) in unfiltered freshwater samples (see Figure A.3S for cell 

counts). Additionally, kloss,H2O2 was moderately correlated with chlorophyll content measured in 

the spatial study (R2 = 0.56, p < 0.05, N = 10, Figure A.4a) and well correlated in the temporal 

study (R2 = 0.96, p < 0.001, N = 10, Figure A.4b). This trend suggests that microbial 

decomposition is a key factor of kloss,H2O2 in the unfiltered samples. 

In contrast to kloss,H2O2, dark PH2O2 does not generally correlate well with microbial 

abundance determined by chlorophyll content (e.g. R2 = 0.03, p > 0.05, N=10 in the spatial 

study, Figure A.4c) and cell counts (e.g. R2 = 0.003, p > 0.05, N = 10, for total cell counts per 

mL, Table A.2). This may be because some microorganisms are better producers than others. For 

example, John’s Pond in MA (   in Figure A.4a and A.4c, highlighted with a solid black arrow) 

is considered to be oligotrophic, as shown by its low chlorophyll content (0.005 mg L-1). It had a 

relatively high PH2O2 (57 nM hr-1) when compared to other oligotrophic sites with similar 

chlorophyll content, such as Boulder Creek where PH2O2 = 3 nM hr-1 (  in Figure A.4a and A.4c, 

highlighted with a dashed arrow). Meanwhile, the kloss,H2O2 values of both John’s Pond and 

Boulder Creek fall in line with the general trend of kloss,H2O2 versus chlorophyll (R2 = 0.56, p 

<0.05, N = 10, Figure A.4a). These results suggest that the organism(s) present at John’s Pond 

Table A.2. Correlation values (R2) for cell counts per mL with dark PH2O2 and kloss,H2O2. Data 
includes sampling from Mirror Lake 7/19/12 and Sloan’s Lake 8/17/12 through 9/20/12 (n=7). 
 

 
Cells per mL of: 

 
PH2O2 

 
kloss,H2O2 

Bacteria 0.050 0.79 
Algae 0.003 0.94 
Cyanobacteria 0.140 0.50 
Total Cells 0.003 0.90 
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were higher producers of H2O2. However, given the high uncertainty in our PH2O2 measurements, 

we cannot rule out that the high value measured in John’s Pond (which was not duplicated) was 

due to measurement error, and that a correlation between PH2O2 and chlorophyll was masked by 

measurement variability. 

 
 

  

  
 
 
Fig. 4 Chlorophyll content correlations with dark kloss,H2O2 from the a.) spatial, and b.) temporal 
variability studies.   Parts c.) and d.) are the chlorophyll content correlations with the spatial, and 
temporal variability of dark PH2O2, respectively. Spatial study: CO Sites (open symbols): Boulder 
Creek ( ), Crown Hill Lake 8/23 ( ), Crown Hill Lake 9/29 ( ), SL ( ), South Pawnee Creek (

). MA sites (black symbols): Ashumet Pond ( ), John’s Pond ( ), Santuit Pond ( ), Assabet 
River ( ), and Lake Boon (  ). Temporal study: SL ( ) and ML-BEM ( ).  The solid lines are 
the correlation lines with all data included.  The dashed lines in the temporal study are the trend 
lines with the outlier (1.01 mg L-1 chlorophyll) removed. Additional symbols (solid and dashed 
arrows, and dashed circles and squares) are data points discussed in the text. 
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In the temporal variability study, Sloan’s Lake 8/29, as mentioned above, had unusually 

high chlorophyll content (1.01 mg L-1), stemming from an unusually dense algal bloom, but a 

moderate PH2O2 (137 nM hr-1), highlighted with a black circle in Figure 4d. In contrast, another 

Sloan’s Lake data point, highlighted with a black box, had lower chlorophyll content (0.27 mg  

L-1), but a higher PH2O2 (259 nM hr-1) more in line with the rest of the observation in Figure 

A.4d. Including the 8/29 data point with the unusually high chlorophyll content weakens the 

correlation between PH2O2 and chlorophyll for the Sloan’s Lake samples (R2 = 0.12, p > 0.05, N  

= 10, solid line in Figure A.4d versus R2 = 0.74, p < 0.01, N = 9 if the point is removed, dashed 

line in figure A.4d). A PH2O2 far outside the confidence interval of the 8/29 measurement would 

be required to fit the correlation implied by the dashed line in Figure 4d. In contrast, including 

the 8/29 data point improves the correlation between kloss,H2O2 and chlorophyll (R2 = 0.96, p < 

0.001, N=10, solid line in Figure A.4b, versus R2 = 0.46, p <0.05, N=9, dashed line in Figure 

A.4b). These results suggest that the organism(s) blooming at that time were similar to other 

organisms in terms of their ability to break down H2O2, but far below average producers of H2O2. 

The Mirror Lake data points (squares in Figure A.4b and A.4d), which were not included in the 

correlations, show PH2O2 and kloss,H2O2 values consistent with those measured in Sloan’s Lake 

(Figure A.4b and A.4d). 

Regardless of the natural settings and how well certain types of microorganisms can 

produce H2O2, dark PH2O2 values measured in the present study did not exceed several hundred 

nM hr-1. Up to an order of magnitude faster dark PH2O2 was observed in closed-bottom 

mesocosms (lacking a sediment-water interface, and most closely corresponding to the 

conditions of the present study) in the agriculturally influenced Maple Creek in Nebraska (Dixon 

et al., 2013). However, the rates in the Maple Creek study are not directly comparable to ours 
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because they include possible effects of prior light exposure immediately before dark PH2O2 

measurements were taken. In the Maple Creek mesocosms, production rates appeared first to 

increase during exposure to four hours of midday light, and then to decrease over several hours 

when the mesocosms were covered to prevent further light exposure. These trends did not agree 

with expected photochemical production rates, which should have decreased as the light intensity 

decreased in the afternoon hours and ceased immediately after the mesocosms were covered. 

Therefore, it is possible that biological production of H2O2 increased gradually with increasing 

light exposure and then decreased after light exposure ceased. After four hours in the dark, PH2O2 

values in closed-bottom Maple creek mesocosms were approximately 100-400 nM hr-1 (Dixon et 

al., 2013) or similar to those observed in the present study. 

The production rates in the present study should have been minimally affected by prior 

light exposure, since all samples were incubated in the dark only, and all samples other than the 

2012 Sloan’s Lake samples had been stored in the dark for 14-15 hours prior to incubation. The 

Sloan’s Lake samples did receive some light exposure close in time to being incubated, since 

they were collected after sunrise, and incubated within an hour or two after collection. However, 

because sampling took place at least three hours before solar noon, the light exposure was much 

smaller than that received by the Maple Creek samples, and Sloan’s Lake production rates 

looked very similar to those of Mirror Lake (Figure (A.2a). 

Decay rates in Dixon et al.’s (2013) closed-bottom mesocosms were 2.4-2.6 hr-1, similar 

to those observed in the hypereutrophic Sloan’s and Mirror Lakes in the present study (Figure 

A.2b). Faster decay rates were observed by Dixon et al. (2013) in the open-bottom mesocosms 

(4.6-9.0 hr-1), most likely due to interaction with biofilms or mineral surfaces (Richard et al., 

2007).  
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Figure A.5. Correlation of dark PH2O2 and dark kloss,H2O2 for the 2011 and 2012 spatial and 
temporal variability studies. The solid line is the correlation line with all data included and the 
dashed line is the correlation line with the outlier (8.87 h-1) removed. Spatial study: CO ( ) and 
MA ( ). Temporal study:  Sloan’s Lake ( ) and Mirror Lake ( ) 

 

The correlation between PH2O2 and kloss,H2O2 in the present study was weak with a R2 of 

0.19 (p < 0.05, N=42) or R2 = 0.49 (p < 0.001, N=41) when the unusually high kloss,H2O2 from the  

Sloan’s Lake algal bloom is excluded (Figure A.5). Excluding all of the 2012 Sloan’s Lake data 

has little effect on this correlation (R2 = 0.47, p < 0.001, N=28), indicating that any variability 

introduced by using shorter storage times for these samples, and sometimes a different analytical 

technique (spiked batch incubations), was not a major factor.  Due to the measurement 

uncertainty of PH2O2 and kloss,H2O2 (see Table A.1 and 95% confidence limits), it is possible that 

the correlation could be improved with more precise measurements. We are not aware of any 

previous study correlating these parameters in freshwater systems. However, there was a good 

correlation (R2 = 0.74) of PH2O2 with kloss,H2O2 in relatively productive ocean waters during a 3-

week cruise near the Gulf of Alaska (Vermilyea et al., 2010a) using the spiked batch incubation 

method. The present study took place over much greater temporal and spatial scales and included 
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a much wider range of trophic states and geochemical conditions than the marine study. We 

therefore speculate that a greater diversity of microorganisms was sampled in the present study, 

which could account for the difference. 

 

A.4.2 PH2O2 and kloss,H2O2 correlation with Geochemical Parameters 

The correlations of geochemical parameters (dissolved metals, nutrients, DOC; see Table 

A.4 for raw auxiliary data) with PH2O2 and kloss,H2O2 were generally weak (see Table A.6). A 

sufficiently large data set for multivariate data analysis would be required to determine more 

conclusively whether these parameters play a role in PH2O2 and kloss,H2O2. 

 

A.4.3 Conclusion 

While hydrogen peroxide decay rate coefficients (kloss,H2O2) were well correlated to 

measures of microbial abundance (e.g. chlorophyll and cell numbers), this was not the case for 

production rates. One possible explanation for this, as mentioned above, is that some species of 

microorganisms could be more active producers than others, while most microorganisms have 

similar ability to break down H2O2. In addition, there may be environmental or ecological 

triggers for biological H2O2 production by certain species. For example, Kim et al. (2007) 

observed that extracellular H2O2 production is correlated to intracellular levels in two marine 

raphidophyte species, perhaps indicating that the level of oxidative stress experienced by the 

cells plays a role in determining production rates. Ultimately, a better understanding of the 

mechanisms of biological H2O2 production will be key for understanding the wide variability in 

production rates observed in the present study. 
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A.6 Supplementary Information 

Table A3. pH, water temperature (Twater), and conductivity (µS, microsiemens)for field sites 
analyzed for dark production and dark decay rates of H2O2. N/A indicates insufficient data. 
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Table A.4. Geochemical parameters (all in ppm) measured at each field site at the date shown. 
Metals with an asterisk next to them are dissolved metals measured by ICP-AES. † symbol 
means measurement by a V2000 field spectrometer and ^ symbol means measurement by ion 
chromatography. DOC is dissolved organic carbon. DO is dissolved oxygen. BDL is below 
detection limit. N/A means insufficient data. Nitrogen species concentrations are in ppm N of the 
particular species (ex. NO2

--N ppm = parts per million nitrogen, N, of nitrate.) 
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Table A.4 continued 
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Table A.4 continued 

 

Table A.5. Microbial cell counts per mL of filtered samples. The ‘percent (%) cells (retentate)’ 
column reflects the percentage of cells that were removed by the filtering process. 
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Table A.6. Correlation values (R) computed by Excel for the dark production rates of H2O2 
(PH2O2) and dark decay rates (kloss,H2O2) with geochemical parameters. The metals are of 
dissolved species. DOC is dissolved organic carbon. DO is dissolved oxygen. Any correlation 
reported as N/A either had insufficient data or a portion of the data was reported as below 
detection limit and therefore a correlation value could not be established. Exceptions for N 
values: N=7 for PH2O2 and kloss,H2O2 with F-, Cl-, and SO4

2- at Sloan’s Lake. 
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Figure A.6. Relative locations and coordinates of Colorado (CO) field sites. Partially created 
using a Google maps application (http://multiplottr.com/). 
 

 
 
Figure A.7. Relative locations and coordinates of Massachusetts (MA) field sites. Partially 
created using a Google maps application (http://multiplottr.com/). 
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Figure A.8. Microbial cell counts per mL of unfiltered samples: bacteria (black bars), algae 
(white bars), and cyanobacteria (striped bars). 
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APPENDIX B 

DATA FROM HOE-DYLAN V RESEARCH CRUISE, STATION ALOHA, JULY 2012 

 

Figure B.1. Incubations of (a) 25 m unfiltered seawater, (b) 45 m unfiltered seawater, and (c) 75 
m unfiltered seawater on 7/18/2012. 
 

0"

50"

100"

150"

200"

250"

0" 5" 10" 15" 20"

0"

50"

100"

150"

200"

250"

0" 5" 10" 15" 20"

0"

50"

100"

150"

200"

0" 5" 10" 15" 20"

unspiked"

spiked"1"

spiked"2"

[H
2O

2]
 (n

M
 h

r-1
) 

time (hr) 

a"

b"

c"



	   125	  

 
Figure B.2. Incubations of (a) 25 m filtered seawater and (b) 25 m unfiltered seawater on 
7/19/2012. 
 

0"

50"

100"

150"

200"

0" 5" 10" 15" 20"

0"

50"

100"

150"

200"

0" 5" 10" 15" 20"

unspiked"

spiked"

time (hr) 

[H
2O

2]
 (n

M
 h

r-1
) 

a"

b"



	   126	  

 
 
Figure B.3. Incubations of (a) 25 m unfiltered seawater, (b) 75 m unfiltered seawater, and (c) 
unfiltered seawater for the deep chlorophyll maximum (DCM, 120 m) on 7/20/2012. 
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Figure B.4. Incubations for (a) 25 m filtered seawater and (b) and (c) bacterial enrichments in 
light on 7/21/2012. 
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Figure B.5.  Incubations of (a) 25 m unfiltered seawater, (b) 75 m unfiltered seawater, and (c) 
unfiltered seawater for the deep chlorophyll maximum (DCM, 130 m) on 7/22/2012. 
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Figure B.6. Incubations of (a) 25 m filtered seawater, (b) fresh net tow sample in light, and (c) 
light fresh net tow sample in dark on 7/24/2012. 
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Figure B.7. Incubations of (a) 25 m filtered seawater, (b) bacterial enrichment in light, and (c) 
bacterial enrichment in dark on 7/25/2012. 
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APPENDIX C 
 

DATA FROM DIATOM STUDY 
 
Table C.1.Data from determination of PH2O2 and kloss,H2O2 by flow-through method.  
Reported uncertainties are standard deviations from a minimum of three individual 
measurements of [H2O2]. 
 
Species	  
Date	  

	   Unspiked	   Spiked	  
Condition	   Cells	   Direct	   Cells	   Direct	  

T.	  weissflogii	   	   	   	   	   	  
8/7	   dark	   28.8	  ±	  0.0	   17.0	  ±	  0.2	   165.7	  ±	  0.8	   101.9	  ±	  1.9	  
	   	   30.1	  ±	  0.7	   20.6	  ±	  0.1	   173.9	  ±	  1.8	   120.0	  ±	  0.9	  
	   dark	  killed	   20.6	  ±	  0.1	   44.7	  ±	  0.2	   120.0	  ±	  0.9	   243.0	  ±	  0.4	  
	   light	   32.1	  ±	  0.0	   21.6	  ±	  0.2	   183.2	  ±	  0.7	   124.3	  ±	  3.3	  
	   	   34.4	  ±	  0.1	   24.6	  ±	  0.5	   211.4	  ±	  0.7	   148.7	  ±	  3.3	  
	   light	  killed	   43.2	  ±	  0.1	   48.0	  ±	  0.1	   213.2	  ±	  0.7	   214.8	  ±	  0.1	  
8/14	   dark	   46.7	  ±	  0.1	   29.0	  ±	  0.0	   167.6	  ±	  0.8	   110.9	  ±	  3.2	  
	   	   46.6	  ±	  0.1	   24.9	  ±	  0.3	   162.3	  ±	  0.7	   93.2	  ±	  1.7	  
	   dark	  killed	   67.5±	  0.4	   68.1	  ±	  0.4	   265.1	  ±	  0.5	   260.9	  ±	  0.7	  
	   light	   51.7	  ±	  0.1	   33.3	  ±	  0.4	   190.0	  ±	  0.6	   123.0	  ±	  3.7	  
	   	   54.6	  ±	  0.1	   34.3	  ±	  0.6	   194.6	  ±	  1.2	   131.3	  ±	  3.1	  
	   light	  killed	   66.1	  ±	  0.2	   69.1	  ±	  0.2	   248.1	  ±	  1.4	   249.8	  ±	  0.4	  
T.	  oceanica	   	   	   	   	   	  
7/21	   dark	   23.6	  ±	  0.1	   22.3	  ±	  0.1	   144.2	  ±	  0.5	   121.2	  ±	  0.8	  
	   	   24.8	  ±	  0.1	   23.7	  ±	  0.3	   140.2	  ±	  0.4	   121.8	  ±	  1.0	  
	   dark	  killed	   18.4	  ±	  0.1	   18.2	  ±	  0.3	   75.5	  ±	  0.5	   81.2	  ±	  1.0	  
	   light	   26.3	  ±	  0.4	   29.7	  ±	  0.4	   113.3	  ±	  0.9	   102.4	  ±	  1.5	  
	   	   32.7	  ±	  0.2	   35.9	  ±	  0.9	   101.1	  ±	  0.6	   96.3	  ±	  1.1	  
	   light	  killed	   33.8	  ±	  0.4	   36.5	  ±	  0.8	   188.0	  ±	  0.6	   198.4	  ±	  1.9	  
8/6	   dark	   24.0	  ±	  0.6	   23.2	  ±	  0.1	   157.3	  ±	  0.3	   154.6	  ±	  0.7	  
	   	   35.1	  ±	  0.3	   35.3	  ±	  0.1	   193.5	  ±	  0.6	   177.4	  ±	  0.7	  
	   dark	  killed	   28.5	  ±	  0.0	   27.5	  ±	  0.1	   141.2	  ±	  0.6	   137.3	  ±	  0.7	  
	   light	   29.8	  ±	  0.6	   30.1	  ±	  0.2	   163.8	  ±	  1.1	   148.7	  ±	  3.5	  
	   	   31.7	  ±	  0.4	   35.2	  ±	  0.2	   178.6	  ±	  1.3	   167.5	  ±	  0.5	  
	   light	  killed	   50.1	  ±	  0.2	   43.2	  ±	  0.2	   190.2	  ±	  1.2	   200.0	  ±	  1.1	  
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Table C.1 continued 
	  
Species	  
Date	  

	   Unspiked	   Spiked	  
Condition	   Cells	   Direct	   Cells	   Direct	  

T.	  pseudonana	   	   	   	   	   	  
7/7	   dark	   10.3	  ±	  0.1	   22.5	  ±	  0.1	   169.7	  ±	  0.3	   160.7	  ±	  0.5	  
	   	   15.4	  ±	  0.3	   26.9	  ±	  0.2	   185.6	  ±	  0.3	   174.5	  ±	  1.1	  
	   dark	  killed	   44.5	  ±	  0.4	   43.7	  ±	  1.0	   170.3	  ±	  0.3	   170.9	  ±	  0.7	  
	   light	   17.5	  ±	  0.1	   24.9	  ±	  0.1	   253.4	  ±	  2.4	   244.1	  ±	  1.4	  
	   	   48.3	  ±	  0.6	   61.1	  ±	  0.5	   220.3	  ±	  1.2	   207.0	  ±	  1.9	  
	   light	  killed	   61.5	  ±	  0.4	   65.0	  ±	  0.2	   252.4	  ±	  0.6	   251.6	  ±	  1.2	  
7/8	   dark	   83.3	  ±	  0.2	   69.4	  ±	  0.4	   228.0	  ±	  1.1	   241.5	  ±	  2.6	  
	   	   80.9	  ±	  0.8	   91.9	  ±	  0.2	   241.5	  ±	  2.6	   229.9	  ±	  0.3	  
	   dark	  killed	   95.6	  ±	  0.6	   99.9	  ±	  0.4	   363.3	  ±	  0.8	   352.4	  ±	  1.7	  
	   light	   90.4	  ±	  0.9	   109.0	  ±	  1.3	   314.1	  ±	  1.7	   301.6	  ±	  3.4	  
	   	   79.5	  ±	  0.2	   95.2	  ±	  0.4	   319.0	  ±	  1.7	   305.3	  ±	  1.5	  
	   light	  killed	   102.6	  ±	  0.3	   102.7	  ±	  0.2	   235.4	  ±	  1.4	   235.4	  ±	  2.4	  
Cyclotella	   	   	   	   	   	  
7/15	   dark	   26.9	  ±	  0.2	   21.8	  ±	  0.3	   82.7	  ±	  0.1	   76.9	  ±	  0.0	  
	   	   23.3	  ±	  0.1	   21.7	  ±	  0.2	   72.3	  ±	  0.5	   64.7	  ±	  0.2	  
	   dark	  killed	   24.3	  ±	  0.1	   24.2	  ±	  0.4	   61.7	  ±	  1.7	   61.6	  ±	  1.0	  
	   light	   29.0	  ±	  0.2	   26.9	  ±	  0.4	   60.8	  ±	  0.5	   56.7	  ±	  0.8	  
	   	   28.8	  ±	  0.2	   26.9	  ±	  0.4	   117.5	  ±	  1.1	   109.6	  ±	  1.1	  
	   light	  killed	   23.9	  ±	  0.1	   29.6	  ±	  0.2	   74.8	  ±	  0.7	   77.6	  ±	  0.6	  
7/30	   dark	   13.6	  ±	  0.1	   11.9	  ±	  0.2	   126.9	  ±	  0.1	   115.4	  ±	  0.5	  
	   	   18.9	  ±	  0.2	   17.5	  ±	  0.1	   123.2	  ±	  0.6	   114.9	  ±	  0.6	  
	   dark	  killed	   15.7	  ±	  0.3	   15.5	  ±	  0.2	   106.2	  ±	  0.5	   102.7	  ±	  0.2	  
	   light	   17.9	  ±	  0.1	   17.1	  ±	  0.1	   133.5	  ±	  0.3	   126.6	  ±	  1.0	  
	   	   19.5	  ±	  0.1	   18.8	  ±	  0.1	   124.8	  ±	  0.5	   118.7	  ±	  0.3	  
	   light	  killed	   17.6	  ±	  0.1	   19.2	  ±	  0.1	   102.5	  ±	  0.7	   106.1	  ±	  0.7	  
P.tricornutum	   	   	   	   	   	  
1/11	   dark	   33.0	  ±	  0.3	   30.2	  ±	  0.1	   153.0	  ±	  0.4	   141.4	  ±	  0.9	  
	   	   25.5	  ±	  0.2	   31.4	  ±	  0.7	   152.6	  ±	  0.4	   141.0	  ±	  0.5	  
	   dark	  killed	   25.5	  ±	  0.2	   29.1	  ±	  0.5	   	   	  
	   light	   30.9	  ±	  0.6	   34.0	  ±	  0.2	   153.0	  ±	  0.4	   143.8	  ±	  1.9	  
	   	   25.5	  ±	  0.2	   37.3	  ±	  0.4	   152.6	  ±	  0.4	   142.4	  ±	  0.6	  
	   light	  killed	   25.5	  ±	  0.2	   32.0	  ±	  0.1	   	   	  
1/14	   dark	   18.3	  ±	  0.4	   18.7	  ±	  0.6	   192.0	  ±	  0.6	   162.5	  ±	  2.6	  
	   	   18.1	  ±	  0.6	   25.5	  ±	  0.1	   190.3	  ±	  0.7	   158.3	  ±	  1.1	  
	   dark	  killed	   27.7	  ±	  0.4	   25.5	  ±	  0.1	   	   	  
	   light	   17.7	  ±	  0.4	   20.2	  ±	  0.9	   191.3	  ±	  1.3	   164.6	  ±	  1.6	  
	   	   22.3	  ±	  0.6	   25.5	  ±	  0.1	   190.6	  ±	  0.4	   160.6	  ±	  1.6	  
	   light	  killed	   36.1	  ±	  0.5	   25.5	  ±	  0.1	   	   	  
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APPENDIX D 
 

DATA FROM BACTERIA STUDY 
 
Table D.1. Data from determination of PH2O2 and kloss,H2O2 by flow-through method.  
Reported uncertainties are standard deviations from a minimum of three individual 
measurements of [H2O2]. 
 
Species	  
	  

Unspiked	   Spiked	  
Cells	   Direct	   Cells	   Direct	  

Halomonas	   21.5	  ±	  0.1	   32.3	  ±	  0.6	   116.8	  ±	  0.4	   215.2	  ±	  2.2	  
	  	  	  sp.	  VMMm1-‐3c	   20.5	  ±	  0.0	   36.5	  ±	  0.3	   104.0	  ±	  0.8	   226.3	  ±	  1.0	  
	   20.7	  ±	  0.3	   40.6	  ±	  0.3	   100.6	  ±	  0.6	   222.6	  ±	  1.0	  
Marinobacter	   23.2	  ±	  0.3	   42.0	  ±	  0.2	   241.9	  ±	  1.0	   260.4	  ±	  0.8	  
	  	  	  sp.	  AzsJAc-‐4	   27.7	  ±	  0.1	   62.7	  ±	  0.9	   222.3	  ±	  0.7	   240.4	  ±	  0.3	  
	   26.1	  ±	  0.5	   60.0	  ±	  0.4	   215.4	  ±	  3.1	   232.4	  ±	  1.2	  
Paracoccus	   13.3	  ±	  0.9	   38.3	  ±	  0.2	   56.3	  ±	  0.3	   164.0	  ±	  1.3	  
	  	  	  sp.	  H1jAc-‐3c	   29.7	  ±	  0.4	   42.0	  ±	  0.1	   88.2	  ±	  0.4	   149.2	  ±	  0.9	  
	   21.0	  ±	  0.3	   34.5	  ±	  0.6	   51.1	  ±	  0.2	   135.6	  ±	  0.3	  
Ruegaria	   21.9	  ±	  0.1	   116.9	  ±	  0.8	   100.6	  ±	  1.1	   428.3	  ±	  2.8	  
	  	  pomeroyii	   18.6	  ±	  0.1	   98.2	  ±	  1.7	   107.4	  ±	  0.4	   398.2	  ±	  2.5	  
	  	  sp.	  DSS-‐3	   26.2	  ±	  0.2	   95.9	  ±	  0.6	   108.3	  ±	  1.6	   393.9	  ±	  2.2	  
Shewanella	   25.3	  ±	  0.4	   74.0	  ±	  0.8	   66.3	  ±	  0.7	   235.2	  ±	  1.7	  
	  	  sp.	  ANA-‐3	   28.1	  ±	  0.1	   63.3	  ±	  0.6	   55.3	  ±	  0.4	   190.7	  ±	  1.3	  
	   39.3	  ±	  0.5	   52.1	  ±	  0.4	   111.8	  ±	  0.4	   198.8	  ±	  1.9	  
Shewanella	   87.1	  ±	  0.5	   288.0	  ±	  0.6	   100.8	  ±	  0.6	   354.6	  ±	  0.5	  
	  	  	  oneidensis	   71.3	  ±	  1.7	   250.8	  ±	  1.4	   98.2	  ±	  0.6	   408.8	  ±	  1.1	  
	  	  	  sp.	  MR-‐1	   73.3	  ±	  0.1	   230.5	  ±	  0.9	   89.9	  ±	  0.8	   370.5	  ±	  2.3	  
Sulfitobacter	   34.2	  ±	  0.2	   89.0	  ±	  0.3	   89.8	  ±	  0.6	   242.5	  ±	  1.8	  
	  	  sp.	  EE-‐36	   33.1	  ±	  0.1	   86.3	  ±	  0.8	   88.8	  ±	  0.4	   235.5	  ±	  0.8	  
	   25.1	  ±	  0.2	   79.6	  ±	  0.4	   69.7	  ±	  0.4	   221.1	  ±	  0.5	  
Vibrio	  	   88.5	  ±	  2.5	   164.9	  ±	  1.3	   98.1	  ±	  1.0	   367.0	  ±	  2.9	  
	  	  	  sp.	  A535	   114.7	  ±	  0.1	   263.1	  ±	  0.6	   135.5	  ±	  3.9	   431.5	  ±	  3.3	  
	   188.1	  ±	  3.0	   320.9	  ±	  0.1	   195.8	  ±	  1.4	   442.2	  ±	  3.6	  
 


