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Summary
The signals that guide neutrophils to sites of tissue injury or infection remain elusive. H2O2 has
been implicated in neutrophil sensing of tissue injury and transformed cell, however its role in
neutrophil recruitment to infection has not been explored. Here, using a pharmacological inhibitor
of NADPH oxidases, diphenyleneiodonium (DPI), and genetic depletion of an epithelial specific
NADPH oxidase, we show that H2O2 is not required for neutrophil detection of localized infection
with the Gram-negative bacterium Pseudomonas aeruginosa. In contrast, PI3K signaling is
required for neutrophil responses to both wounding and infection. In vivo imaging using a H2O2
probe detects dynamic H2O2 generation at wounds but not at infected tissue. Moreover, DPI no
longer inhibits neutrophil wound attraction when Pseudomonas aeruginosa is present in the
media. Finally, DPI also fails to inhibit neutrophil recruitment to localized infection with the
Gram-positive bacterium, Streptococcus iniae. Our findings demonstrate that differential signals
are involved in sensitizing neutrophils to pathogen versus non-pathogen induced tissue damage,
providing a potential target to preferentially suppress non-specific immune damage without
affecting the response to infection.

Introduction
Neutrophils are a key component of the innate immune system and the first responders to
infection or tissue injury. Upon acute injury or infection, neutrophils transmigrate across the
endothelium barrier, undergo interstitial migration to reach the inflamed site, where they
engulf microorganisms, secrete granule contents, generate reactive oxygen species and/or
release neutrophil extracellular traps to control infection and promote wound healing
(Springer, 1994). Defects in neutrophil function can result in immunodeficiency,
characterized by recurrent infections and poor wound healing. The inability of neutrophils to
enter the circulation is seen in neutropenic patients with Warts, Hypogammaglobulinemia,
Infections, and Myelokathexis (WHIM) syndrome (Zuelzer, 1964). Moreover, the trapping
of neutrophils within the blood stream is a hallmark of leukocyte adhesion deficiency
(Etzioni and Alon, 2004) and the failure of neutrophils to undergo oxidative burst is
associated with chronic granulomatous disease (Baehner and Nathan, 1967). On the other
hand, neutrophilic inflammation must be controlled to prevent non-specific damage to host
tissues. Improper neutrophil infiltration is a hallmark of chronic inflammatory airway
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diseases (Gernez et al., 2010), inflammatory bowel disease (Seibold et al., 1992),
autoimmunity (Peng, 2006) and other chronic inflammatory disorders. Attenuation of
neutrophilic infiltration remains an attractive target to alleviate clinical symptoms or slow
down disease progression. Therefore, understanding the mechanisms that regulate neutrophil
trafficking to sites of infection or inflammation in vivo is fundamental to human health.
Recently, a stepwise dissection of the signaling events that guide neutrophil recruitment to a
site of sterile inflammation was reported (McDonald et al., 2010). However, the signaling
events that guide neutrophil recruitment to bacterial infection are still largely unknown.

The zebrafish, Danio rerio, is gaining popularity as a model system to study innate
immunity and leukocyte function. The innate immune system in the zebrafish larvae is
highly conserved (Lieschke and Trede, 2009). Transparent larvae have made zebrafish an
attractive model to observe leukocyte behavior in live animals. Ease of pharmacological and
genetic manipulation has led to the discovery of novel signals that regulate rapid neutrophil
recruitment in vivo. A gradient of hydrogen peroxide (H2O2) generated at injured epithelial
cells has been shown to mediate rapid detection of wounds by neutrophils (Niethammer et
al., 2009). Pharmacological inhibition of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase enzymes or depletion of a key oxidase in epithelial cells, dual oxidase
(Duox), attenuated neutrophilic infiltration in the first 20 min post tissue injury. Recently,
Lyn, a Src family kinase, was identified as a neutrophil sensor that detects H2O2 at injured
tissue (Yoo et al., 2011). In addition, similar H2O2 signaling is generated by oncogene-
transformed melanoblasts and goblet cells in zebrafish, which mediates attraction of both
neutrophils and macrophages (Feng et al., 2010). A balanced role for reactive oxygen
species in host defense against infection is implicated in Drosophila gut immunity.
Depletion of dDuox from the intestine results in a marked increase in the mortality rate after
natural gut infection (Ha et al., 2005a). Moreover, depletion of extracellular immune-
regulated catalase, an enzyme that converts H2O2 to H2O, also shows a high mortality rate
after similar gut infection (Ha et al., 2005b). It is speculated that H2O2 burstis a general
primary response to various stressors that induce inflammatory feedback to leukocytes (Feng
et al., 2010; Yoo and Huttenlocher, 2009). However, whether H2O2 signaling is involved in
neutrophil detection of bacterial infection has not been determined.

Although a collection of bacterial infection models have been established in zebrafish, the
majority of studies have focused on models of systemic infection with observations of direct
pathogen-leukocyte interactions inside the vasculature (Brannon et al., 2009; Davis et al.,
2002; Levraud et al., 2009; Phennicie et al., 2010; Stoop et al., 2011; Sullivan and Kim,
2008). A limited number of studies have investigated neutrophil recruitment to a localized
infection (Brothers et al., 2011; Le Guyader et al., 2008; Lin et al., 2009; Phennicie et al.,
2010). Here we adapted a localized Pseudomonas infection model that is optimal for
monitoring pathogen-leukocyte interactions. We found that H2O2 was dispensable for
neutrophil attraction to localized bacterial infections. Our results provide evidence that
neutrophils detect tissue injury and infection by distinct signaling mechanisms and position
tissue-generated H2O2 as an attractive target to differentially modulate neutrophil reaction to
infection versus tissue damage.

Results
Generation of a localized infection model to monitor neutrophil recruitment

Many locations in zebrafish have been explored as sites for localized infections, including
the pericardial cavity (Wiles et al., 2009), hindbrain ventricle (Brothers et al., 2011;
Phennicie et al., 2010), the yolk sac (Lin et al., 2009; van der Sar et al., 2003), the left inner
ear (Le Guyader et al., 2008) and the dorsal muscle (Lin et al., 2009). To select an infection
model best suited to monitor neutrophil recruitment to a contained infection, we first
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injected Pseudomonas aeruginosa PAK strain in the left inner ear or the yolk sac. Bacteria
expressing the red fluorescent protein mCherry (Brannon et al., 2009) in combination with
transgenic fish expressing the green fluorescent protein Dendra2 specifically in neutrophils
(Yoo and Huttenlocher, 2011) allows the direct visualization of neutrophil responses in real-
time (Figure 1A,B). Four hours post infection, Dendra2 labeled neutrophils are recruited to
the infected ear, demonstrated by their co-localization with mCherry-labeled PAK in the otic
vesicle (Figure 1A). A mock injection with sterile PBS did not induce neutrophil infiltration,
indicating that neutrophils respond to bacterial infection specifically. In contrast, neutrophils
are not recruited to infection localized in the yolk sac (Figure 1B). Neutrophils, however,
can sense the presence of bacteria, revealed by increased neutrophil presence on top of the
yolk sac. These neutrophils are highly motile, constantly patrolling the yolk sac (data not
shown), but fail to infiltrate into the infection site. Zebrafish larvae are highly resistant to
localized ear infection (Figure 1C). Injection of ~63,000 cfu of PAK results in ~30%
mortality of 3 dpf larvae. In contrast, when injected into the yolk sac, 2,100 cfu of PAK
cause 100% mortality of 3 dpf larvae, which is probably due to the lack of neutrophil
recruitment (Figure 1D). Taken together, the otic vesicle is the preferred site that allows
direct observation of neutrophil recruitment to localized infection.

Phagocytosis of Pseudomonas aeruginosa by neutrophils and resolution of inflammation
To better observe neutrophil behavior at the infected ear, a confocal movie was taken
immediately after bacterial inoculation into the otic vesicle (Figure 2). Neutrophils infiltrate
into the ear immediately after infection and their number in the ear peaks ~6 h post
infection. Approximately 65% of neutrophils recruited to the infected ear contain detectable
phagocytosed bacteria throughout the infection process. Neutrophilic inflammation slowly
resolves and by 12 h post infection, the neutrophil number at the infected ear significantly
decreases. Several neutrophils containing phagocytosed bacteria are visible outside the ear,
indicating that neutrophils migrate away from the site of infection, contributing to the
resolution of inflammation.

Neutrophil recruitment to bacterial infection is not dependent on tissue generated H2O2
The signals that mediate rapid neutrophil detection of bacterial infection are still obscure.
H2O2 is generated by wounded epithelium (Niethammer et al., 2009) or oncogene-
transformed cells (Feng et al., 2010) to mediate neutrophil recruitment to tissue injury or
transformed cells, respectively. We next investigated the role of H2O2 in mediating
neutrophil recruitment to PAK infection. Diphenyleneiodonium (DPI), an inhibitor for the
NADPH complex that generates reactive oxygen species (ROS), results in a significant
inhibition of neutrophil recruitment to tissue injury compared with vehicle control (Figure
3A, B). Injecting PAK into the left ear leads to significant neutrophil recruitment compared
with injecting sterile PBS alone. However, DPI does not inhibit PAK-induced neutrophil
recruitment (Figure 3C, D). LY294002, a pan-phosphatidylinositol 3-kinase (PI3K) inhibitor
previously shown to reduce neutrophil motility in vivo (Yoo et al., 2010), inhibits neutrophil
responses to both tissue injury and PAK infection (Figure 3).

To complement the DPI results with genetic approaches, a key component of the tissue-
specific NADPH complex, Duox, was depleted from zebrafish larvae using morpholino
oligonucleotide (MO) (Niethammer et al., 2009). RT-PCR of mRNA extracted from 3dpf
morphants shows a partial inhibition of duox pre-mRNA splicing, indicated by a smaller
band corresponding to exclusion of the target exon (Figure 4E). Neutrophil recruitment to
wounds is abolished in the duox morphant, suggesting functional inhibition of Duox (Figure
4A, B). Although reduced numbers of neutrophils are present in the rostral mesenchymal
tissues in duox morphants (Figure 4C, D), there is no significant difference in the percentage
of head resident neutrophils that are recruited to ear infection between control and duox
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morphants (Figure 4F), indicating that Duox knockdown does not specifically inhibit
neutrophil responses to localized PAK infection. The smaller fin and reduced neutrophil
numbers in the duox morphants may be due to non-specific toxicity of the duox MO. Taken
together, our data suggest that H2O2 is dispensable for rapid neutrophil detection of PAK
infection.

Differential H2O2 generation at wounds and localized PAK infections
After the characterization that the H2O2 signal is not required for neutrophil recruitment to a
localized PAK infection (Figure 3), we next determined whether this is due to an absence of
H2O2 at a PAK infected ear, or a dispensable role for H2O2 (if generated) to attract
neutrophils. Using a genetically-encoded H2O2 probe, HyPer (Belousov et al., 2006;
Niethammer et al., 2009), we observed inhibition of H2O2 generation at wounds either by
DPI or in the duox morphant (Figure S1), consistent with previous reports (Niethammer et
al., 2009). A slight increase in H2O2 signal in the infected ear compared with the
surrounding tissue is observed, which could be due to the injection process that causes a
very small wound or an imaging artifact from fluid inside the ear, since mock infection with
sterile PBS results in a similar H2O2 signal (data not shown). However, H2O2 signal within
the infected ear does not propagate into the surrounding tissue and decreases over time
(Figure 5 and Movie S1). In contrast, wounding of the other ear of the same fish results in a
burst of H2O2 in the surrounding tissue which accompanies rapid neutrophil infiltration
(Figure 5 and Movie S1). Taken together, localized PAK infection does not induce a
dynamic H2O2 generation in the surrounding tissue, consistent with the dispensable role of
H2O2 in mediating neutrophil attraction to infection.

DPI selectively impairs neutrophil attraction to wounds in the presence of infection
A signal hierarchy has been described in isolated human neutrophils where neutrophils
preferentially migrate to end target chemoattractants (e.g., fMLP and C5a) emanating from
the site of infection over intermediary endogenous chemoattractants (e.g., IL-8 and LTB4)
(Heit et al., 2002). To determine whether signals generated at infection sites compete with
wound signals, we performed infection and wounding in the same larvae. Efficient
neutrophil recruitment to both wounds and infections are observed (Figure 6 and Movie S2).
The result is not affected by performing either wounding or PAK infection first (data not
shown). Therefore, no obvious competition between infection and wound generated signals
is observed in this whole fish setting. However, it is possible that individual neutrophils are
not exposed to competing signals due to the physical distance between the ear and the tail.
Nevertheless, DPI attenuates neutrophil attraction to tail transection, but not to PAK
infection in the same larvae. The PI3K inhibitor LY294002 reduces neutrophil motility and
impairs neutrophil infiltration both to sites of tissue injury and PAK infection (Figure 6 and
Movie S2). These findings confirm a differential role of H2O2 in mediating neutrophil
recruitment to tissue injury and bacterial infection.

DPI does not inhibit neutrophil attraction to PAK wound-infection
To complement our results in localized infections, we next determined the requirement of
H2O2 in neutrophil recruitment in a wound-infection model with the addition of PAK to the
embryo medium during the wound response (Brown et al., 2007). A typical neutrophil
wound responseis characterized by initial recruitment of neutrophils during the first several
hours post wounding, followed by a resolution phase. The presence of PAK in embryo
medium does not affect initial neutrophil recruitment, but delays the resolution, as indicated
by increased numbers of neutrophils at the tail wound 6 hours post wounding (Figure 7A,
B), suggesting that the presence of PAK alters the neutrophil response. DPI attenuates
neutrophil attraction (during the first two hour post wounding) to tissue injury. However,
with the presence of PAK in the media, neutrophil recruitment is not significantly affected
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by DPI (Figure 7C, D), indicating that PAK induces neutrophil recruitment to the wounded
tail independent of H2O2 generation. Taken together, our results indicate that zebrafish
neutrophils detect PAK in a H2O2 independent manner.

DPI does not inhibit neutrophil attraction to localized infection with Streptococcus iniae
Since most of the experiments were performed with a Gram-negative bacterium, we next
tested the effect of DPI on neutrophil recruitment to Streptococcus iniae, a Gram-positive
bacterium and a natural zebrafish pathogen (Neely et al., 2002). Similarly, under conditions
that attenuate neutrophil attraction to tissue injury, neutrophil recruitment to localized S.
iniae infection is not significantly affected by DPI treatment (Figure 8), indicating that
detection of Gram-positive bacteria by neutrophil is also independent of H2O2.

Discussion
Here we report that zebrafish localized otic infection is suited for real-time observation of
neutrophil infiltration and identification of host signaling pathways that sensitize neutrophils
to bacterial infection. Neutrophils are recruited immediately to the site of infection (Movie
S2) and pathogen-leukocyte interactions are readily observed at the onset of the infection
(Figure 2). In contrast, neutrophils respond 90 min post infection with another strain of
Pseudomonas, PA14, injected into the hindbrain ventricle (HBV) in 2 dpf larvae (Phennicie
et al., 2010). The potential difference in the dynamics of neutrophil infiltration into the ear
or HBV may be due to the developmental stage of the larvae, dose and type of bacterial
strains used, or the immune-privileged nature of the brain, which is well known in humans
and other higher vertebrates. Although direct comparison of neutrophil recruitment in the ear
and HBV infection is technically difficult (Levraud et al., 2008), our study indicates that
neutrophil responses to infection can be readily observed with the ear infection model in 3
dpf larvae. The yolk sac, on the other hand, is not a good site to investigate pathogen-
leukocyte interactions since neutrophils fail to infiltrate into the yolk sac, making the larvae
more susceptible to infection, consistent with a previous report (van der Sar et al., 2003).
Nonetheless, neutrophils are able to sense the presence of bacteria inside the yolk, indicated
by the increased numbers and motility of neutrophils patrolling on top of the yolk in
response to infection (Figure 1 and data not shown). Taken together, our findings identify
the localized otic infection as a powerful model system to characterize mechanisms that
mediate leukocyte recruitment to sites of localized bacterial infection using real-time
imaging.

Since the identification of the requirement of H2O2 in mediating leukocyte detection of
wounds and transformed cells, the enhanced production of H2O2 has been speculated to be a
universal mechanism used by the host to sense the destruction of tissue homeostasis by
various insults and to activate the appropriate innate immune response (Feng et al., 2010;
Yoo and Huttenlocher, 2009). In animal cells, H2O2 is known to serveas a second messenger
that regulates transcription, proliferation or enzyme activity (Bedard and Krause, 2007).
Surprisingly, we visualize minimal H2O2 generation upon localized Pseudomonas
aeruginosa infection (Figure 5). Accordingly, neutrophil recruitment to localized infection
with both Gram-negative and Gram-positive bacteria is independent of tissue generated
H2O2 (Figures 3, 4, 6, 7, 8), suggesting a context dependent requirement of H2O2 signaling
in sensitizing professional phagocytes. However, whether tissue generated H2O2 is required
for efficient clearance of bacterial infection in zebrafish has not been determined (due to the
limitation of current tools).

Although H2O2 is considered an antiseptic and is routinely used for treating minor wounds,
it remains questionable whether physiologically generated H2O2 could directly kill microbes
since H2O2 is only microbicidal at high concentrations (Hampton et al., 1998). Secondary
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oxidants with a higher destructive capacity, such as HOCl generated by neutrophil-derived
myeloperoxidase, are more likely to conduct direct microbicidal activities (Klebanoff, 1974;
Rosen et al., 2002). Therefore, tissue generated H2O2 may primarily modulate the local
environment, which can mediate leukocyte infiltration and inflammation. Leukocytes, on the
other hand, are the major effectors that clear microbes by phagocytosis, releasing ROS and
neutrophil extracellular traps.

The identities of the signals that mediate neutrophil recognition of bacterial infection and
recruitment in vivo still remain elusive. The neutrophil chemoattractant could be bacterially-
derived peptides with formylated N-terminal methionine groups, which are recognized by
the host N-formyl peptide receptor (FPR) and mediate neutrophil chemotaxis (Migeotte et
al., 2006). However, fMLP, a synthetic peptide that mimics the activity of bacterially-
derived peptides, fails to attract neutrophils when injected into the ear (Figure S2A, B). In
addition, treatment with cyclosporin H, an FPR inhibitor, does not affect neutrophil
recruitment to infection (Figure S2C, D). Collectively, these results suggest that N-formyl
peptides are not likely to be involved in rapid neutrophil detection of infection in zebrafish.
Other candidate signaling molecules include those in the complement system, such as C5a.
The complement system has been extensively studied in zebrafish (Sun et al., 2010) and
multiple mannose binding lectin loci have been identified (Jackson et al., 2007). However, it
is not clear whether the complement system mediates rapid neutrophil detection of
pathogens.

The responses of neutrophils can also be driven by a diverse array of pattern recognition
receptors (PRRs) that bind pathogen-associated molecular patterns (PAMPs). The toll-like
receptor (TLR) family of cell surface receptors recognizes different foreign biomolecules
including those exposed on the cell surface of both Gram-negative and Gram-positive
bacteria, such as lipopeptides, lipopolysaccharide (LPS) and flagellin. TLRs signal through
several intracellular adaptor molecules, among which, MyD88 plays a pivotal role. TLRs
and MyD88 are well conserved in the zebrafish (van der Sar et al., 2006). However,
depleting endogenous MyD88 with two separate morpholino oligonucleotides indicates a
dispensable role for MyD88 in mediating neutrophil recruitment to PAK infection (Figure
S3). It is possible that MyD88 plays roles in later sustained neutrophil recruitment or
activation, but not in the initial rapid neutrophil response. It is also possible that another
adaptor protein, such as TRAM can function in place of MyD88 and mediate functional
PRR signaling (Yamamoto et al., 2003). In contrast, we find that MyD88 is involved in
neutrophil wound detection (Figure S3), which is not entirely surprising since TLRs are
implicated in recognition ofendogenous ligands that are derived from necrotic cells, such as
HMGB1 (Apetoh et al., 2007; Scaffidi et al., 2002) or extracellular matrix components that
are generated as a result of tissue injury (Jiang et al., 2006). A challenge for future
investigation will be to identify the specific signaling mechanisms that mediate leukocyte
attraction to infected tissues in live animals.

In summary, we have identified a differential requirement for tissue generated H2O2 in
mediating neutrophil recruitment to tissue injury and bacterial infection. Our results indicate
that signals mediating leukocyte response to infection or acute injury are indeed unique and
suggest the potential of identifying novel signaling events that are differentially involved in
sensitizing immune cells to non-pathogen driven versus pathogen driven inflammation.

Experimental Procedures
Zebrafish maintenance and drug treatment

Adult fish were maintained in accordance with the University of Wisconsin-Madison
Research Animal Resources Center (Madison, WI, USA). For live imaging or wounding
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assays, larvae were anesthetized in E3 containing 0.2 mg/ml Tricaine (ethyl 3-
aminobenzoate; Sigma-Aldrich, St. Louis, MO, USA). To prevent pigment formation, some
larvae were maintained in E3 containing 0.2 mM N-phenylthiourea (Sigma-Aldrich). Where
indicated, larvae were pretreated with 32.5 μM LY294002 (Calbiochem) (Yoo et al., 2010),
20 μM Cyclosporin H (Enzo Life Sciences) or 100 μM DPI (Sigma) (Niethammer et al.,
2009) in 1% DMSO in embryo medium (E3) to facilitate drug delivery for 1 hour. The
following experiments were performed in E3 supplemented with the indicated drug for the
indicated period of time.

Bacterial strains and culture methods
P. aeruginosa strain PAK carrying a constitutive plasmid-encoded red fluorescent protein
mCherry (pMKB1::mCherry) was kindly provided by S. Moskowitz, University of
Washington, Seattle, WA, USA (Brannon et al., 2009). The S. iniae strain was kindly
provided by M. Caparon, Washington University, St Louis, MO, USA (Neely et al., 2002).
S. iniae for infection was prepared as described (Neely et al., 2002). Frozen stock obtained
with single colony of PAK (pMKB1::mCherry) was streaked freshly on Vogel-Bonner
minimal (VBM) plate supplemented with 200 μg/mL carbenicillin the night before infection.
Bacteria were resuspended in phosphate-buffered saline (PBS) and the optical density at 600
nm was measured with a Nanodrop spectrophotometer. To prepare the final inoculum, the
bacteria suspension was diluted or pelleted by centrifugation at 1500 g for 5 min followed
by resuspension to achieve the desired bacterial density. Phenol red tracking dye was added
to the bacterial aliquots prior to injection for a final concentration of 0.1%. After infection,
the inoculum was injected into PBS, diluted when necessary and plated to quantify colony
forming units.

Bacterial infection, ear injection, tailfin wounding and Sudan Black staining
Bacterial infection in the otic vesicle was performed as described (Levraud et al., 2008). For
yolk infection, larvae were prepared as for otic infection with slight modifications: dorsal
side (instead of ventral side for otic infection) was positioned against the injection groove.
For fMLP injection, one nl of 10 μM or 1 μM fMLP (Sigma) in PBS was injected into the
otic vesicle. The tail fins of larvae at 3 dpf were either wounded with a needle or transected
with a sterile razor blade. For wound-infection, PAK(pMKB1::mCherry) was added to E3
medium at a final OD600 of 0.005 (Brown et al., 2007). Larvae were fixed at the indicated
time post wounding, and neutrophils were stained with Sudan Black as previously described
(Le Guyader et al., 2008).

Morpholino oligonucleotides (MO) microinjection and RT-PCR
All MOs were purchased from GeneTools, LLC, resuspended in distilled water and stored at
RT at a stock concentration of 1 mM. Three nanoliters of MOs were injected into the yolk of
1 cell-stage embryos at the concentrations indicated below: 100 μM Duox MO (Niethammer
et al., 2009) was injected in combination with 300 μM p53 MO (Niethammer et al., 2009) to
minimize non-specific MO toxicity. MyD88 MO e2i2 (van der Sar et al., 2006) and e1i1 (5′-
CACATGGAATTTAGA TGACGTACCT-3′) were injected at 1 mM. Efficient MO
mediated knockdown was confirmed with RT-PCR using mRNA extract from 3dpf
morphants. Primers to amplify duox (Niethammer et al., 2009), myd88 (van der Sar et al.,
2006) and ef1 α as a house keeping gene (Walters et al., 2010) were previously described.
Primers for the neutrophil specific marker mpx were as follows: mpx forward: 5′-
ACCAGTGAGCCTGAGACACG CA-3′; mpx reverse: 5′-
TGCAGACACCGCTGGCAGTT-3′.
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Live imaging and HyPer imaging
Larvae at 3 dpf were settled on a custom-made, glass-bottom dish. Time-lapse fluorescence
images were acquired with a confocal microscope (FluoView FV1000, Olympus, Center
Valley, PA, USA) using a numeric aperture 0.75/20x objective or Nikon SMZ-1500 zoom
microscope (Nikon, Melville, NY, USA). For confocal imaging, each fluorescence channel
(488 nm and 543 nm) and DIC images were acquired by sequential line-scanning. Z-series
was acquired using a 200- to 300-μm pinhole and 2–10 μm step sizes. Z-stacked
fluorescence images were overlayed with a single DIC plane. For imaging of H2O2, 1-cell
stage zebrafish embryos from Tg(mpx:mCherry) were injected with HyPer mRNA. At 3 dpf,
larvae were infected with PAK (pMKB1::mCherry) in the left ear. The HyPer fluorescence
was excited with 405 and 488 laser and corresponding YFP emission was acquired every 2
min after infection. Emission at 510–525 was collected for YFP488 emission and 505–510
was collected for YFP405 emission. The right ear of the same fish was wounded
immediately after the acquisition of the movie on the infected side and the same conditions
were used to acquire the movie after wounding. For calculating HyPer ratio images, stacked,
smoothed YFP488 and YFP405 images were divided.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Localized Pseudomonas infection model
A) PBS or PAK (pMKB1::mCherry) was injected into the otic vesicle of Tg(mpx:dendra2)
at 3 day post fertilization (dpf). Images were taken 4 hours post infection (hpi).
B) PBS or PAK (pMKB1::mCherry) was injected into the yolk sac of Tg(mpx:dendra2) at 3
dpf. Images were taken 4 hpi.
C) Survival of wild-type AB zebrafish larvae infected at 3 dpf in the otic vesicle with PBS
or PAK at the indicated number of colony forming units (cfu).
D) Survival of wild-type AB zebrafish larvae infected at 3 dpf in the yolk sac with PBS or
PAK at the indicated number of cfu.
Results are representative of 3 independent experiments. Scale bar: 100 μm.
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Figure 2.
Phagocytosis of Pseudomonas aeruginosa (PAK) by neutrophils. PAK (pMKB1::mCherry)
at ~12,000 cfu was injected into the otic vesicle of Tg(mpx:dendra2). Still images at
indicated time points from a representative confocal movie started immediately after
infection are shown. Boxed regions are enlarged to show bacteria inside neutrophils. Scale
bar: 50 μm.
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Figure 3. NADPH oxidase activity is required for neutrophil recruitment to wounds but not to
infected tissue
A)Wild-type AB zebrafish larvae at 3 dpf were pretreated with DMSO, the NADPH oxidase
inhibitor, diphenyleneiodonium (DPI) or the PI3K inhibitor, LY294002 (LY) for 1 h
followed by needle wounding at the tail fin. Larvae were fixed 1 hour post wounding (hpw)
and neutrophils were visualized by Sudan Black staining. Representative images of
neutrophils recruited to the tail fin are shown.
B) Quantification of A. n= 37 (DMSO), 28 (DPI), 22 (LY). ***, p<0.001, Kruskal-Wallis
test followed by Dunn’s Multiple Comparison test.
C) Wild-type AB zebrafish larvae at 3 dpf were pretreated with DMSO,
diphenyleneiodonium (DPI) or LY294002 (LY) for 1 h followed by otic infection with ~ 1,
200 cfu of PAK (pMKB1::mCherry). Larvae were fixed 1 hpi and neutrophils were
visualized by Sudan Black staining. PBS was also injected into DMSO treated larvae as a
control. Representative images of neutrophils recruited to the ear are shown.
D) Quantification of C. n= 23 (DMSO/PBS), 32 (DMSO/PAK), 43 (DPI/PAK), 27 (LY/
PAK). ***, p<0.001, Kruskal-Wallis test followed by Dunn’s Multiple Comparison test.
Results were pooled from 3 independent experiments. Scale bar: 50 μm.
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Figure 4. Duox activity is required for neutrophil recruitment to wounds, but not to
Pseudomonas aeruginosa (PAK) infection
Wild-type AB zebrafish larvae were injected with buffer or Duox morpholino
oligonucleotide both supplemented with p53 morpholino oligonucleotide at 1 cell stage.
A) 3 dpf control or duox morphants were fixed 1 hpw. Representative images are shown.
B) Quantification of A. n= 21 (buffer), 7 (duox). ***, P<0.001, two-tailed Mann-Whitney
test.
C) Three dpf control or duox morphants were fixed 1 hpi with ~ 1,200 cfu of PAK
(pMKB1::mCherry). Representative images of neutrophils recruited to ear are shown. Two
images of duox morphants are included to show the variation in developmental defects.
D) Quantification of C. n= 17 (buffer), 9 (duox). ***, P<0.001, Kruskal-Wallis test followed
by Dunn’s Multiple Comparison test.
E) RT-PCR of duox and mpx from mRNA extracted from control or duox morphants at 3
dpf.
F) Percentage of neutrophils recruited to PAK ear infection relative to neutrophil numbers in
the head region in 3 dpf control or duox morphants. n= 17 (buffer), 9 (duox). NS, non
significant, two-tailed Mann-Whitney test.
Results are representative of 3 independent experiments. ***, P<0.001, two-tailed Mann-
Whitney test. Scale bar: 30 μm.
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Figure 5. H2O2 production in zebrafish ear with wounding or localized infection
A) Wild-type AB zebrafish larvae were injected with HyPer mRNA at 1 cell stage. Larvae at
3 dpf were infected with ~ 1,400 cfu of PAK (pMKB1::mCherry) in the left ear and real-
time ratiometric imaging was performed to measure the relative amount of H2O2 generated
in the tissue. The right ear of the same fish was then wounded and generation of H2O2 was
monitored by YFP488/YFP405 ratiometric imaging under the same conditions. Still images
at the indicated times after infection or wounding from a representative movie are shown. *
indicates wound site. Scale bar: 50 μm.
B) Quantification of A. YFP488/YFP405 ratiometric fluorescence intensity in the ear at
indicated time after wounding or infection. Initial YFP488/YFP405 values were normalized
to 1.
C) Quantification of fold changes in YFP488/YFP405 in the ear 30 min post wounding/
infection compared with YFP488/YFP405 at time 0. Six fish infected and wounded on each
side were quantified. Values shown are mean+SEM. ***, P<0.001, two-tailed paired t test.
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Figure 6. Differential requirement of NADPH oxidase activity in neutrophil response to
simultaneous wounding and infection
A) Wild-type AB zebrafish larvae at 3 dpf were treated with DMSO, diphenyleneiodonium
(DPI) or LY294002 (LY) for 1 h, then infected with ~ 1,200 cfu of PAK
(pMKB1::mCherry) followed by tail transection. Representative images of neutrophils
recruited to either the infection or the wound are shown.
B) Quantification of A. n= 19 for all. ***, P<0.001, Kruskal-Wallis test followed by Dunn’s
Multiple Comparison test.
Results are representative of 3 independent experiments. Scale bar: 100 μm.
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Figure 7. NADPH oxidase activity is not required for neutrophil recruitment to wounds in the
presence of infection
A) Time course of neutrophil recruitment to wound-infection. Wild-type AB zebrafish
larvae at 3 dpf were treated with DMSO for 1 h, followed by tail transection. Larvae were
incubated in the presence or absence of PAK in the water (pMKB1::mCherry) and fixed
after the indicated times. Representative images of neutrophils recruited within close
proximity of tail transection are shown.
B) Quantification of A. n=15 (1h/−), 19 (1h/+), 20 (2h/+), 20 (2h/−), 21 (6h/+), 19 (6h/−).
***, p<0.001; Kruskal-Wallis test followed by Dunn’s Multiple Comparison test.
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C) DPI does not affect neutrophil recruitment to wounds in the presence of PAK. Wild-type
AB zebrafish larvae at 3 dpf were treated with DMSO or diphenyleneiodonium (DPI) for 1
h, followed by tail transection. Larvae were incubated in the presence or absence of PAK
(pMKB1::mCherry) at a final OD600 of 0.005 and fixed after indicated time. Representative
images of neutrophils recruited within close proximity to tail transection are shown.
D) Quantification of C. n=21, 19, 20, 24, 21, 19, 21, 22, respectively. ***, p<0.001; *,
p<0.05, Kruskal-Wallis test followed by Dunn’s Multiple Comparison test.
Results are representative of 3 independent experiments. Scale bar: 30 μm.
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Figure 8. NADPH oxidase activity is not required for neutrophil recruitment to S.iniae infection
A)Wild-type AB zebrafish larvae at 3 dpf were pretreated with DMSO,
diphenyleneiodonium (DPI) or LY294002 (LY) for 1 h followed by needle wounding at the
tail fin. Larvae were fixed 1 hour post wounding (hpw) and neutrophils were visualized by
Sudan Black staining. Representative images of neutrophils recruited to the tail fin are
shown.
B) Quantification of A. n= 19 for all. ***, p<0.001, Kruskal-Wallis test followed by Dunn’s
Multiple Comparison test.
C) Wild-type AB zebrafish larvae at 3 dpf were pretreated with DMSO,
diphenyleneiodonium (DPI) or LY294002 (LY) for 1 h followed by ear infection with ~100
cfu of S. iniae. Larvae were fixed 1 hpi and neutrophils were visualized by Sudan Black
staining. Neutrophils recruited to the infected ear were quantified and representative images
are shown.
D) Quantification of C. n= 18 (DMSO), 17 (DPI), 19(LY). ***, p<0.001, Kruskal-Wallis
test followed by Dunn’s Multiple Comparison test.
Results are representative of 3 independent experiments. Scale bar: 30 μm.
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