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Iron homeostasis is essential for both sides of the host–pathogen interface.

Restricting access of iron slows bacterial growth while iron is also a necessary

cofactor for host immunity. Haem oxygenase 1 (HMOX1) is a critical regula-

tor of iron homeostasis that catalyses the liberation of iron during degrada-

tion of haem. It is also a stress-responsive protein that can be rapidly

upregulated and confers protection to the host. Although a protective role of

HMOX1 has been demonstrated in a variety of diseases, the role of HMOX1

in Mycobacterium tuberculosis infection is equivocal across experiments with

different host–pathogen combinations. Here, we use the natural host–patho-
gen pairing of the zebrafish-Mycobacterium marinum infection platform to

study the role of zebrafish haem oxygenase in mycobacterial infection. We

identify zebrafish Hmox1a as the relevant functional paralog of mammalian

HMOX1 and demonstrate a conserved role for Hmox1a in protecting the

host from M. marinum infection. Using genetic and chemical tools, we show

zebrafish Hmox1a protects the host against M. marinum infection by reduc-

ing infection-induced iron accumulation and ferrostatin-sensitive cell death.

Introduction

Infection with pathogenic mycobacteria, such as

Mycobacterium tuberculosis (Mtb), leads to the forma-

tion of granulomas, the hallmark histological feature

of tuberculosis (TB) [1]. Host cells within granulomas

undergo significant phenotypic remodelling including

the upregulation of cytoprotective stress response pro-

teins in response to mycobacterial virulence factors

and changes to the microenvironment [2–4].
Haem oxygenase 1 (HMOX1), a key regulator of iron

homeostasis and cellular redox biology, is expressed

within human- and mouse-Mtb granulomas [3–9].
HMOX1-derived carbon monoxide inhibits the growth of

mycobacteria by direct toxicity and inducing mycobacte-

rial dormancy gene expression [10–12]. HMOX1-deficient

mice are more susceptible to mycobacterial infection,

while inhibition of HMOX1 activity with tin protopor-

phyrin (SnPP) increases host resistance to mycobacterial

infection in human macrophages and mouse models [3–
6,8–10,13]. It is unclear whether these contrasting effects

on Mtb infection are a function of losing nonenzymatic

Abbreviations

HMOX1, Haem oxygenase 1; Mtb, Mycobacterium tuberculosis; SnPP, tin protoporphyrin.

671The FEBS Journal 289 (2022) 671–681 ª 2021 Federation of European Biochemical Societies

 17424658, 2022, 3, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16209 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-0260-672X
https://orcid.org/0000-0003-0260-672X
https://orcid.org/0000-0003-0260-672X
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.16209&domain=pdf&date_stamp=2021-09-28


HMOX1 functions in the gene-deficient mice, differences

in infection models or other reasons [14].

HMOX1 is a highly evolutionarily conserved

enzyme that has been identified in a wide variety of

organisms. Zebrafish hmox1a and hmox1b encode par-

alogs of mammalian HMOX1, and their transcription

is responsive to a range of oxidative stress-inducing

conditions [15–17]. The zebrafish-M. marinum model

has been widely used to study conserved host redox

perturbations associated with mycobacterial infection

[18–20]. Here, we have used zebrafish to investigate the

role of Hmox1a in the control of mycobacterial infec-

tion. We provide evidence that induction of host

Hmox1a expression restricts iron supply to limit

mycobacterial growth and may prevent excessive fer-

roptosis.

Results

Zebrafish hmox1a is the functional Hmox paralog

in M. marinum infection

Zebrafish have four Hmox-encoding paralogs: hmox1a,

hmox1b, hmox2a and hmox2b [15–17]. To determine

which paralog is functional in M. marinum infection,

we first infected adult zebrafish by intraperitoneal

injection and analysed gene expression changes at

14 days postinfection (dpi). Infected adults had

increased expression of hmox1a, but not the other par-

alogs (Fig. 1A).

To investigate the function of each paralog during

M. marinum infection, we next used CRISPR/Cas9

technology to knockdown each paralog and infected

crispant embryos with M. marinum (Fig. 1B). Knock-

down of hmox1a increased the bacterial burden at

5 dpi, while knockdown of hmox1b, hmox2a and

hmox2b did not affect bacterial burden (Fig. 1C).

To investigate hmox1a expression in more detail,

whole mount in situ hybridisation was used to visualise

the spatial distribution of hmox1a expression within

M. marinum-infected embryos. hmox1a was highly

expressed in the haematopoietic niche of the caudal

Fig. 1. Zebrafish hmox1a is the functional paralog of mammalian

HMOX1 during mycobacterial infection. (A) qPCR expression

analysis of zebrafish hmox paralogs in homogenates of 14 dpi adult

zebrafish infected with M. marinum. Biological pairs indicated by

matching lines. Matched t-test. (B) qPCR expression analysis of

zebrafish hmox paralogs in 7 dpf crispants. Biological pairs

indicated by matching lines. Matched t-test. (C) M. marinum

burden measured by fluorescent pixel count in 5 dpi crispants.

Student’s t-test, data are pooled from two biological replicates per

comparison. (D) Whole mount in situ hybridisation detection of

hmox1a transcripts in 5 dpi zebrafish embryos. Green arrowhead

indicates site of constitutive CHT expression, and red arrowhead

indicates site of inducible expression at a granuloma. Scale bar

represents 200 µm. (E) Representative image of antibody detection

of Hmox1 in a granuloma of a 14 dpi adult zebrafish. Arrows

indicate cellular rim of granuloma. Asterisk indicates bleed through

fluorescence of M. marinum-TdTomato signal in necrotic core.

Scale bar represents 100 µm.
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haematopoietic tissue and around granulomas

(Fig. 1D). To spatially examine Hmox expression in

adult granulomas, we used a mouse Hmox1 antibody

which would potentially detect both Hmox1a and

Hmox1b in zebrafish. Hmox1 staining was detected

within the host cellular rim of granulomas from 14 dpi

zebrafish adults (Fig. 1E).

Hmox1a is required for M. marinum granuloma

formation in adult zebrafish

To investigate the function of hmox1a in the formation

of adult zebrafish-M. marinum granulomas, we utilised

our hmox1avcc42 knockout allele [21]. As expected from

our CRISPR-Cas9 knockdown studies, hmox1avcc42/vcc42

embryos displayed significantly increased bacterial bur-

den compared with WT clutch mates (Fig. 2A). Adult

hmox1avcc42/vcc42 mutants had increased mortality fol-

lowing infection that was consistent with the increased

bacterial burden (Fig. 2B). Heterozygous hmox1a+/vcc42

zebrafish displayed intermediate phenotypes in both

assays (Fig. 2A,B).

Failure to form granulomas has been proposed to

underlie the mycobacterial control defect in Hmox1-

null mice [3,4]. To determine whether zebrafish repro-

duced this phenotype, we scored M. marinum granulo-

mas as ‘organised’ or ‘loose’ based on host nuclear

structure in hmox1avcc42/vcc42 and their WT clutch

Fig. 2. Zebrafish Hmox1a is necessary for efficient granuloma formation. (A) Bacterial burden in 5 dpi hmox1avcc41/vcc42 mutant embryos.

ANOVA test performed for each timepoint, data are pooled from 3 experiments. (B) Survival of adult hmox1avcc41/vcc42 mutant zebrafish

following infection with M. marinum. n = 13 WT, 13 heterozygous mutants, 12 homozygous mutants. Log-rank test, single replicate. (C)

Representative images of granuloma morphology classes in 14 dpi hmox1avcc41/vcc42 mutant adult zebrafish. Arrow indicates organised

cellular rim of granuloma. Scale bar represents 50 µm. (D) Quantification of granuloma morphology classes in 14 dpi hmox1avcc41/vcc42

mutant adult zebrafish. Comparison by Fisher’s test on total granuloma counts, n = 40 WT granulomas from 3 animals, 24 hmox1avcc41/vcc42

mutant granulomas from 3 animals.
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mates (Fig. 2C) [2,22]. The proportion of unorganised

‘loose’ granulomas in hmox1avcc42/vcc42 adults was sig-

nificantly higher than in the WT adults demonstrating

a conserved defect in granuloma formation (Fig. 2D).

Hmox1a-dependent M. marinum granuloma

formation does not explain increased

susceptibility to infection

Regev et al. have proposed abnormal macrophage

migration to mycobacteria as an underlying defect prior

to in the hypersusceptibility of HMOX1-deficient mice

[3]. We took advantage of the visual accessibility of zeb-

rafish embryos to quantify macrophage containment of

infection in Tg(mpeg1.1:egfp)vvc7 embryos where macro-

phages are labelled by GFP expression. The proportion

of M. marinum that colocalised with GFP-positive

macrophages was similar between WT and hmox1avcc42/vcc42

homozygous larvae at 5 dpi, demonstrating Hmox1a

does not grossly alter the recruitment of macrophages to

M. marinum infection (Fig. 3A).

To further investigate the association between

hmox1a and granuloma formation, we infected

hmox1avcc42/vcc42 embryos with DESX1 M. marinum, a

strain that is unable to drive granuloma formation

[23]. Unexpectedly, DESX1 M. marinum load was sig-

nificantly increased in hmox1avcc42/vcc42 homozygous

larvae at both 3 and 5 dpi suggesting a more general

susceptibility to mycobacterial infection than a defect

in granuloma formation alone (Fig. 3B). Again, there

was no defect in macrophage containment of DESX1

M. marinum foci (Fig. 3C).

To further explore whether hmox1a deficiency

affected susceptibility to other bacterial pathogens that

do not form granulomas in zebrafish, we infected

embryos with uropathogenic Escherichia coli (UPEC)

strain UTI-89 which causes an acute lethal infection of

zebrafish embryos [24]. We observed decreased survival

Fig. 3. Increased infection susceptibility in hmox1a mutants is not dependent on granuloma formation. (A) Quantification of M. marinum

containment by mpeg1.1:gfp-positive macrophages in 5 dpi hmox1avcc41/vcc42 mutant embryos. Student’s t-test, data are pooled from two

biological replicates. (B) Bacterial burden in hmox1a crispants infected with DESX1 M. marinum. Student’s t-test, data are representative of

three biological replicates. (C) Quantification of DESX1M. marinum containment bympeg1.1:gfp-positive macrophages in 5 dpi hmox1avcc41/vcc42

mutant embryos. Student’s t-test, data are pooled from two biological replicates. (D) Survival curve of 2 dpf hmox1avcc41/vcc42 mutant embryos

infected with 1000 CFU UPEC. Log-rank test, n = 84 embryos each group, data are pooled from two biological replicates. (E) Survival curve of 2

dpf hmox1avcc41/vcc42 mutant embryos infected with 5000 CFU UPEC. Log-rank test, n = 75 embryos each group, data are pooled from two

biological replicates.
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of hmox1avcc42/vcc42 embryos compared with WT

embryos across two doses of UPEC (Fig. 3D,E).

Hmox1a restricts iron to control M. marinum

infection

Since HMOX1 is a key regulator of iron homeostasis,

we performed Perls’ Prussian Blue staining on sections

from WT and hmox1avcc42/vcc42 adults to visualise free

iron (Fig. 4A). There were more Perls’ Prussian Blue-

positive granulomas in hmox1avcc42/vcc42 mutants than

WT zebrafish (Fig. 4B). Perls’ Prussian Blue staining

of M. marinum-infected embryos was not as vivid as

that of adult granulomas (Fig. 4C), but spectral quan-

tification staining detected more Perls’ Prussian Blue

staining in granulomas from hmox1a crispants

(Fig. 4D).

To confirm the presence of increased iron at the

host–pathogen interface, we performed gene expression

analysis of aco1, a host iron-suppressed regulator of

iron metabolism [25], which was downregulated in

5 dpi hmox1avcc42/vcc42 embryos (Fig. 4E). To investi-

gate the bacterial response, we profiled the expression

of bfrB, an iron storage gene in M. marinum homo-

logous to human ferritin. The expression of bfrB was pro-

gressively increased from 1 to 3 to 5 dpi and was higher

in hmox1a crispants than WT hosts at 5 dpi (Fig. 4F).

Mycobacteria require iron as a redox cofactor for

vital enzymes and utilise multiple strategies to acquire

iron from haem which may compete with host

Hmox1a-mediated degradation of haem [26,27]. We

first tested the susceptibility of Hmox1a-deficient

embryos when challenged with an exogenous source of

bioavailable iron by the addition of hemin. Hemin

supplementation increased M. marinum burden in

hmox1a crispants but not scrambled controls demon-

strating a genotype-specific susceptibility to the addi-

tion of exogenous hemin (Fig. 4G).

Fig. 4. Zebrafish Hmox1a restricts iron availability during M. marinum infection. (A) Representative images of Perls’ Prussian Blue staining

of granulomas from 14 dpi hmox1avcc41/vcc42 mutant adult zebrafish. Blue arrows indicate location of positive staining. Scale bar represents

50 µm. (B) Quantification of granuloma Perls’ Prussian Blue staining in hmox1avcc41/vcc42 mutant adult zebrafish. Comparison by Fisher’s test

on total granuloma counts, n = 46 granulomas from 3 WT animals, 83 granulomas from 3 hmox1avcc41/vcc42 mutants. (C) Representative

images of Perls’ Prussian Blue staining of 5 dpi zebrafish embryos. Red arrows indicate locations of analysed granulomas. Scale bar

represents 100 µm. (D) Quantification of granuloma Perls’ Prussian Blue staining in 5 dpi hmox1a crispants. Each data point represents a

single granuloma from an individual embryo. Student’s t-test, data are pooled from three biological replicates. (E) qPCR analysis of host

aco1 gene expression in 5 dpi hmox1avcc41/vcc42 mutant embryos. Matched t-test. (F) qPCR analysis of M. marinum bfrB gene expression in

hmox1a crispants. Matched t-test at each timepoint. (G) Bacterial burden in 5 dpi hmox1a crispants treated with 10 lM hemin. Comparison

by ANOVA, each point represents a single zebrafish, data are representative of three biological replicates with crispants and two biological

replicates with hmox1avcc41/vcc42 mutant embryos. (H) Bacterial burden in 5 dpi hmox1a crispants treated with 10 lM bilirubin. Comparison

by ANOVA, each point represents a single zebrafish, data are representative of three biological replicates with crispants and two biological

replicates with hmox1avcc41/vcc42 mutant embryos.
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In addition to producing free iron which is seques-

tered by ferritin [28], HMOX1 catalyses the production

of the important antioxidants carbon monoxide and

biliverdin from hemin. We next examined the effect of

supplementing bilirubin, the breakdown product of

HMOX1-produced biliverdin, into our zebrafish-

M. marinum infection system. We did not observe any

effects of bilirubin treatment on M. marinum burden

in control and hmox1a-depleted larvae (Fig. 4H).

Hmox1a deficiency exposes hosts to M. marinum

infection-induced ferrostatin-sensitive cell death

Excessive iron can be toxic to host cells by triggering

ferroptosis, a recently described mode of cell death

associated with lipid peroxidation that drives

pathology in the mouse-Mtb model [29,30]. We

hypothesised ferroptosis could be responsible for the

increased M. marinum burden in our Hmox1a-deficient

zebrafish.

Consistent with the increased iron in Hmox1a-

deficient zebrafish, we observed increased granuloma

CellROX staining in hmox1a crispants compared with

control embryos (Fig. 5A). We also observed more

TUNEL-positive cells around granulomas in hmox1a

crispants (Fig. 5B).

To test the role of ferroptosis in these phenotypes,

we treated embryos with ferrostatin, a small molecule

inhibitor of ferroptosis. Ferrostatin treatment reduced

bacterial burden in hmox1a crispants but not in scram-

ble controls (Fig. 5C). Ferrostatin treatment also

reduced CellROX staining in granulomas and the

Fig. 5. Zebrafish Hmox1a prevents

M. marinum infection-induced ferrostatin-

sensitive cell death. (A) Representative

images and quantification of CellROX

staining in 5 dpi hmox1a crispants. Scale

bar represents 50 µm. Comparison by

Student’s t-test, each point represents a

single granuloma from a single zebrafish.

(B) Representative images and

quantification of TUNEL staining in 5 dpi

hmox1a crispants. Scale bar represents

50 µm. Comparison by Student’s t-test,

each point represents a single granuloma

from a single zebrafish, data are pooled

from two biological replicates. (C) Bacterial

burden in 5 dpi hmox1a crispants treated

with ferrostatin-1. Comparison by ANOVA,

each point represents a single zebrafish,

data are representative of two biological

replicates. (D) Quantification of CellROX

staining in 5 dpi hmox1a crispants treated

with ferrostatin-1. Comparison by ANOVA,

each point represents a single granuloma

from a single zebrafish, data are

representative of two biological replicates.

(E) Quantification of TUNEL staining in 5 dpi

hmox1a crispants treated with ferrostatin-1.

Comparison by ANOVA, each point

represents a single granuloma from a single

zebrafish, data are representative of two

biological replicates.
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number of TUNEL-positive cells per granuloma

(Fig. 5D,E).

Discussion

Host cells need to balance iron availability and the

production of reactive oxygen species during infection

with intracellular pathogens. Our data show infection-

induced Hmox1a is a host-protective enzyme that aids

containment of infection within granulomas and slows

the growth of M. marinum by restricting iron availabil-

ity and preventing ferrostatin-sensitive cell death.

Our study clearly identifies zebrafish hmox1a as the

functional ortholog of mammalian HMOX1 as the

most transcriptionally responsive to infection in adult

zebrafish and the only gene which had a knockdown

burden phenotype in the CRIPSR-Cas9 embryo infec-

tion model. Our data further suggest zebrafish hmox1b

does not functionally compensate for loss of hmox1a

and may be a pseudogene.

Our experiment infecting hmox1a-deficient zebrafish

with the DESX1 M. marinum suggests hmox1a is

involved in control of M. marinum infection upstream

of granuloma formation. We found iron accumulation

in M. marinum granulomas which correlated with Cell-

ROX staining and increased cell death in hmox1a-

deficient zebrafish. These phenotypes were reversed

after treatment with ferrostatin, suggesting the

M. marinum control defect in hmox1a-deficient zebra-

fish could be driven by iron-induced ferroptosis

upstream of granuloma formation.

While our finding that supplementation with biliver-

din, a product of HMOX1-mediated catabolism of

haem, did not affect M. marinum burden in hmox1a-

deficient embryos, additional work is warranted to

investigate the role of HMOX1-mediated carbon

monoxide production in the zebrafish-M. marinum

model. Carbon monoxide has direct inhibitory effects

on the growth of M. tuberculosis in mouse infection

models [10–12], and it would be fascinating to study

this interaction in the natural host–pathogen pairing

of the zebrafish-M. marinum infection model.

Our infection studies with UPEC suggest a more

generalised immunodeficiency in hmox1a-deficient zeb-

rafish. Further work is required to determine the exact

mechanisms of susceptibility to individual pathogens

and the potential for ferroptotic involvement in the

pathogenesis of specific pathogens.

The nonspecific action of ferrostatin-1 is a potential

limitation of our study. Ferrostatin-1 has been recently

reported to inhibit the enzymic activity of 15-

lipoxygenase, which produces the HpETE-PE ferrop-

totic cell death signal as part of the 15LOX/PEBP1

complex with iron as a cofactor [31,32]. Infection-

induced lipoxygenase and cyclooxygenase activity in

mycobacterial infection generally leads to unfavourable

suppression of inflammation, while inhibition of these

enzyme families generally controls mycobacterial infec-

tion [33–37]. Thus, we are unable to rule out 15LOX/

PEBP1-induced ferroptosis as a possible mechanism of

ferrostatin-induced protection in our hmox1a-deficient

zebrafish. Additionally, we did not detect lipid peroxi-

dation in zebrafish embryos which would be expected

during ferroptosis.

The lack of host protection in WT embryos treated

with ferrostatin suggests ferroptosis, or at least

ferrostatin-inhibitable cell death, may be of limited

importance in the zebrafish embryo-M. marinum infec-

tion model. Our data suggest depletion of Hmox1a is

required to sensitise embryos to biologically significant

levels of iron stress-induced cell death by impairing

endogenous iron metabolism. Similarly, the hmox1a-

deficient genotype-specific response to hemin supple-

mentation suggests the presence of sufficient iron

buffering ability in WT zebrafish embryos during

M. marinum infection. This sufficient iron buffering

ability may explain why any increase in free iron pro-

duction by WT Hmox1a in our hemin supplementa-

tion experiments did not significantly increase the

burden of M. marinum.

The results from the infection time course highlight

3–5 dpi as a key window in M. marinum infection

when granulomas undergo extensive organisation and

expansion. During this time period, host hmox1a and

bacterial bfrB are highly upregulated, and hmox1a-

deficient zebrafish embryos develop their conditional

pathologies. Together, these data provide evidence of

haem oxygenase function in the race to acquire iron

between host and mycobacterium during granuloma

formation.

Materials and methods

Zebrafish husbandry

Adult zebrafish were maintained at Centenary Institute,

and embryos were obtained by natural spawning followed

and raised in E3 media at 28–32 °C (Sydney Local Health

District AWC Approvals: 16-037 and 17-036). Zebrafish

lines used were as follows: Tg(mpeg1.1:egfp)vcc7 [38],

hmox1avcc42 [21].

Bacterial infection

Single cell suspensions of mid log-phase fluorescent

M. marinum strains and DESX1 M. marinum were prepared
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and stored at �80 °C in aliquots as previously described

[39]. Zebrafish infections were carried out as previously

described with 200 CFU infection doses by microinjection

into the caudal vein of zebrafish embryos or intraperitoneal

injection into adults for M. marinum [22,39]. Infected

adults were maintained at 28 °C with 14 : 10-h light : dark

lighting cycle.

UPEC strain UTI-89 carrying the pGI6/mCherry specti-

nomycin resistance plasmid [24] was cultured overnight in

LB media supplemented with 50 lg�mL�1 spectinomycin at

37 °C with 200 RPM shaking. Overnight cultures were

diluted 1 : 100 into fresh LB media supplemented with

50 lg�mL�1 spectinomycin and outgrown for 3 h at 37 °C
with 200 RPM shaking, harvested by centrifugation, rinsed

in PBS and microinjected into the caudal vein of zebrafish

embryos at the concentrations indicated.

Quantitative Real-time PCR

Total RNA was extracted from homogenates using TRIzol

(Thermo Fisher Scientific, Waltham, MA), and cDNA was

synthesised with a High Capacity cDNA Synthesis Kit

(Thermo Fisher Scientific). qPCRs were performed on a

LightCycler� 480 System. Gene expression was quantified

by the delta–delta CT method using normalisation to zebra-

fish bact or M. marinum 18s as appropriate. Sequences of

primers are listed in Table 1.

Histology

Cryosectioning was performed as previously described [22].

Hmox1 immunostaining was carried out with a mouse anti-

HMOX1 primary (GeneTex GTX633693) and a goat anti-

mouse Alexa Fluor 488 (Thermo Fisher Scientific, R37120).

Perls’ Prussian Blue staining was performed in acid ferro-

cyanide solution (equal amount of 5% aqueous potassium

ferrocyanide and 5% HCl) for 30 min at room temperature

followed by two washes of distilled water and counterstain-

ing with 0.1% nuclear fast red. Whole mount embryo

Perls’ Prussian Blue staining was performed without the

counterstaining step.

CRISPR/Cas9 Gene Knockdown

The gRNA target sites for each gene were designed using

CRISPRscan. The sequences of gRNA oligonucleotides are

listed in Table 2. The gRNA templates were amplified by

PCR with scaffold reverse primer and then transcribed with

HiScribeTM T7 High Yield RNA Synthesis Kit (NEB) [40].

One cell stage embryos were injected with 1 nL of a mix-

ture containing 200 ng�lL�1 of the four gRNAs and

2 ng�lL�1 Cas9 (Sigma, IDT or Sydney Analytical).

Imaging

Imaging was carried out on Leica M205FA and DM6000B,

and DeltaVision Elite microscopes as previously described

[18,22,39].

Image analysis

Fluorescent pixel count for enumeration of bacterial bur-

den and quantification of fluorescent staining was carried

out as previously described in IMAGEJ [39]. Fluorescent stain

areas are reported as pixels per granuloma.

Macrophage containment of M. marinum was calculated as

the proportion of bacterial fluorescence that overlapped with

mpeg1.1:egfp fluorescence signal. ImageJ was used to threshold

GFP images followed by the ‘Clear Outside’ then ‘Create

Selection’ and ‘Add to roiManager’ commands to define the

bounds of macrophage cells. We then quantified the bacterial

fluorescence within these bounds by fluorescent pixel count.

Perls’ Prussian Blue staining in embryos was quantified

by splitting the blue channel from colour images and then

using the ‘Measure’ function in IMAGEJ to quantify the

inverse mean pixel intensity of a constant area within gran-

ulomas. The ‘average blue intensity per granuloma’ was

calculated by subtracting the background blue pixel inten-

sity from the granuloma blue pixel intensity.

Whole mount in situ hybridisation

Sequences of primers used to generate the DIG-labelled

hmox1a probe are listed in Table 1; in situ hybridisation

was carried out as previously described [41].

Table 1. Primers used for gene expression studies.

Gene Forward primer 5’–3’ Reverse Primer 5’–3’

hmox1a F2/R2 GGGCAGGACTTGGAGCACTT GGACTGCTCTTGCCAATCTCT

hmox1a F3/R2 TAAAAACGAAGTGGGGCGGT TGTTCAGACAGATCACTGCCA

hmox1b AGCTACCAGAGGGGCCGAGT CGCCTCGTAGATCTTGTAGAGC

hmox2a ATGGCGGTCAGTGGAAACACAACC GGCAACAGCAGCAACCAATGTGGC

hmox2b TTTAGGAGGTTGAGTTGGAGTCAG TTCTGCCTTCTGGTGCACTTCT

aco1 CTGGTGAAGCAGGACGATGT GGTACACCCGTGAAGTCCTG

bfrB (M. marinum) TTGGCGAAGCACTTTTACGC GGAATCTCGACACGGAGGTC

18s TCGCTAGTTGGCATCGTTTATG CGGAGGTTCGAAGACGATCA

hmox1a for ISH probe TCCCCGCGGGTGAAACTGGCTCAACATTTTCACT CCATCGATACATACAGAAGACAACTCAAAGCGT
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Small molecule treatments

Small molecules were added directly to embryo media at

final concentrations of: 15 lM protoporphyrin IX (Sigma-

Aldrich, St. Louis, MO, USA) and hemin (Fluka, St.

Louis, MO, USA), 10 lM bilirubin (Frontier Scientific,

Logan, UT, USA) and 1 lM ferrostatin (Sigma-Aldrich).

Small molecules were added immediately after infection

and refreshed at 3 dpi.

Cell death and reactive oxygen species staining

TUNEL and CellROX (both Thermo Fisher Scientific)

staining was performed as previously described and accord-

ing to manufacturer’s instructions [18].

Statistical analysis

Statistical tests were carried out as indicated in figure

legends using Prism (GRAPHPAD Software, San Diego, CA).

Each data point indicates a single animal unless otherwise

stated. Data are plotted as means +/� standard deviation.
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Table 2. Primer sequences used for CRISPR-Cas9 knockdown. Blue and green sequences indicate common backbone sequence.

Primer name Sequence 5’–3’

hmox1a target 1 TAATACGACTCACTATAGGACTCCACCAAAAGCAAAGGTTTTAGAGCTAGAA

hmox1a target 2 TAATACGACTCACTATAGGGTGTTTTCAGCTCTGACGGTTTTAGAGCTAGAA

hmox1a target 3 TAATACGACTCACTATAGGAGATCTACCGAGCGCTGGGTTTTAGAGCTAGAA

hmox1a target 4 TAATACGACTCACTATAGGTAAATGGGCTGCACTGCTGTTTTAGAGCTAGAA

hmox1b target 1 TAATACGACTCACTATAGGGTCACTGTCGGTGATCTGGTTTTAGAGCTAGAA

hmox1b target 2 TAATACGACTCACTATAGGAGCGTCACTCGGCCCCTCGTTTTAGAGCTAGAA

hmox1b target 3 TAATACGACTCACTATAGGTCTACGAGGCGCTGGAGGGTTTTAGAGCTAGAA

hmox1b target 4 TAATACGACTCACTATAGGTGGGAGCCACGGCATCATGTTTTAGAGCTAGAA

hmox2a target 1 TAATACGACTCACTATAGGAGAAGTTCAAGCCCTCACGTTTTAGAGCTAGAA

hmox2a target 2 TAATACGACTCACTATAGGTTACATGGGTGACCTATCGTTTTAGAGCTAGAA

hmox2a target 3 TAATACGACTCACTATAGGAGGTGGGTCGCGATGACCGTTTTAGAGCTAGAA

hmox2a target 4 TAATACGACTCACTATAGGCATTGGTCCCCATGCACAGTTTTAGAGCTAGAA

hmox2b target 1 TAATACGACTCACTATAGGCAGATCTGTCGGCCTGTAGTTTTAGAGCTAGAA

hmox2b target 2 TAATACGACTCACTATAGGTCGGGGGGGCAGGTGCTCGTTTTAGAGCTAGAA

hmox2b target 3 TAATACGACTCACTATAGGGCAGCGCATTCATCAGATGTTTTAGAGCTAGAA

hmox2b target 4 TAATACGACTCACTATAGGGACGGAAGATGCTGCCAAGTTTTAGAGCTAGAA

scramble target 1 TAATACGACTCACTATAGGCAGGCAAAGAATCCCTGCCGTTTTAGAGCTAGAAATAGC

scramble target 2 TAATACGACTCACTATAGGTACAGTGGACCTCGGTGTCGTTTTAGAGCTAGAAATAGC

scramble target 3 TAATACGACTCACTATAGGCTTCATACAATAGACGATGGTTTTAGAGCTAGAAATAGC

scramble target 4 TAATACGACTCACTATAGGTCGTTTTGCAGTAGGATCGGTTTAGAGCTAGAAATAGC

Scaffold AAA AGC ACC GAC TCG GTG CCA CTT TTT CAA GTT GAT AAC GGA CTA GCC TTA

TTT TAA CTT GCT ATT TCT AGC TCT AAA AC
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