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Abstract

Heme-containing peroxidases are important components of innate immunity. Many of them
functionally associate with NADPH oxidase (NOX)/dual oxidase (DUOX) enzymes by using
the hydrogen peroxide they generate in downstream reactions. Caenorhabditis elegans
encodes for several heme peroxidases, and in a previous study we identified the ShkT-con-
taining peroxidase, SKPO-1, as necessary for pathogen resistance. Here, we demonstrated
that another peroxidase, HPX-2 (Heme-PeroXidase 2), is required for resistance against
some, but not all pathogens. Tissue specific RNA interference (RNAI) revealed that HPX-2
functionally localizes to the hypodermis of the worm. In congruence with this observation,
hpx-2 mutant animals possessed a weaker cuticle structure, indicated by higher permeabil-
ity to a DNA dye, but exhibited no obvious morphological defects. In addition, fluorescent
labeling of HPX-2 revealed its expression in the pharynx, an organ in which BLI-3 is also
present. Interestingly, loss of HPX-2 increased intestinal colonization of E. faecalis, suggest-
ing its role in the pharynx may limit intestinal colonization. Moreover, disruption of a catalytic
residue in the peroxidase domain of HPX-2 resulted in decreased survival on E. faecalis,
indicating its peroxidase activity is required for pathogen resistance. Finally, RNA-seq analy-
sis of an hpx-2 mutant revealed changes in genes encoding for cuticle structural compo-
nents under the non-pathogenic conditions. Under pathogenic conditions, genes involved in
infection response were differentially regulated to a greater degree, likely due to increased
microbial burden. In conclusion, the characterization of the heme-peroxidase, HPX-2,
revealed that it contributes to C. elegans pathogen resistance through a role in generating
cuticle material in the hypodermis and pharynx.

Author summary

Reactive oxygen species (ROS) production by the host tissues is one of the first lines of
defense when microbial infection occurs. ROS has been shown to be involved in multiple
protective pathways in innate immunity. However, given the complexity of mammalian
systems, the exact manner in which ROS are used for host defense remains incompletely
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understood. In this study, we use Caenorhabditis elegans as a simplified model system to
decipher the protective functions of ROS in innate immunity. We describe a peroxidase,
HPX-2, that protects C. elegans from multiple infectious microbes by strengthening bar-
rier tissue. This finding brings insight into the mechanisms by which peroxidases utilizes
ROS to contribute to innate immunity. With infectious diseases being one of the most
important causes of morbidity and mortality around the world, understanding ROS pro-
duction and its function in pathogen resistance will provide us with important informa-
tion in developing new therapies against pathogens.

Introduction

When exposed to pathogen, production of Reactive Oxygen Species (ROS) is one of the first
innate immune responses initiated by the host. ROS can exert immune-protective effects by
acting directly as an antimicrobial, serving as a signal to activate downstream responses, and/
or contributing to the generation of physical barriers (Reviewed by [1, 2]). There are two
major groups of enzymes involved in this process—the ROS producing NADPH oxidases/
Dual-oxidases (NOX/DUOX) and the ROS utilizing, heme-containing peroxidases (Reviewed
by [1, 2]). In many cases, these enzymes are functionally, and sometimes physically linked to
contribute to innate immunity against pathogen. The most canonical case studied in mamma-
lian systems is that of myeloperoxidase (MPO), which resides in the phagolysosome of macro-
phages and neutrophils and utilizes the superoxide produced by NOX2 to generate the
powerful oxidant HOCI during the oxidative burst that occurs as a result of microbial engulf-
ment (Reviewed by [3]). Additionally, it has been shown that lactoperoxidase (LPO), coupled
with DUOX2, is responsible for the generation of the antibiotic oxidant hypothiocyanite
(OSCN-) from H,0, and thiocyanate (SCN-) on mucosal surfaces [4—6]. These responses are
not limited to animals; plants also employ peroxidases and NADPH oxidases as part of their
antimicrobial arsenal (Reviewed in [7]).

In C. elegans, the one functional NOX/DUOX encoded by the genome is BLI-3, a dual oxi-
dase that produces H,0, when animals are exposed to pathogen [8-11]. Like all dual oxidases,
BLI-3 consists of an NADPH oxidase domain and a heme peroxidase domain [10]. The pro-
duction of H,O, from the NADPH oxidase domain of BLI-3 is required for pathogen resis-
tance and point mutants that affect this domain significantly increase pathogen susceptibility
[8, 12]. In addition to its role during infection, BLI-3 is crucial for cuticle development. The
peroxidase domain uses the H,0, produced by the NADPH oxidase domain to cross-link col-
lagen proteins [10]. Another heme-binding peroxidase, MLT-7, additionally contributes to
this process [13]. Mutations in the peroxidase domains of BLI-3 and MLT-7 that impair activ-
ity result in a blistered phenotype. However, these mutations do not affect pathogen suscepti-
bility [14].

Since peroxidases in other systems do play a role in innate immunity, we hypothesized that
one or more of the peroxidases encoded in the C. elegans genome would affect pathogen resis-
tance. Indeed, previous studies in our lab showed that a ShkT domain containing peroxidase,
which we named SKPO-1, is required for resistance to E. faecalis [14]. A skpo-1 mutant was
more susceptible to E. faecalis compared to the N2 reference strain. In addition to pathogen
sensitivity, the skpo-1 mutant also had an incomplete penetrance of dumpy phenotype, sug-
gesting a potential role in the process of cuticle bio-generation. Interestingly, SKPO-1 localized
to the hypodermis of the worm, a tissue where BLI-3 also is present, indicating a potential
physical interaction between the two [14].
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Here, we characterized the immune-protective peroxidase, FO9F3.5, which we named
HPX-2, for Heme Peroxidase 2. Using a combination of RNA interference (RNAi) and
CRISPR-Cas9 mediated mutation, we demonstrated that HPX-2 is important for protecting C.
elegans against some, but not all, pathogens. Through fluorescent-tagging and tissue-specific
RNAi, we demonstrated that HPX-2 is present in the pharynx and the hypodermis of the
worms. Despite low expression of its gene at the organismal level, HPX-2 functions in these
two tissues and contributes to cuticle integrity; hpx-2 mutants exhibited higher intestinal colo-
nization by pathogens with thick cell walls and possessed weaker cuticles, more penetrant to
dye. We also examined animals with a point mutation at the catalytic site of HPX-2 peroxidase
domain and discovered that peroxidase activity is partly required for the protective function of
HPX-2. Lastly, a transcriptomic analysis of the hpx-2 mutant revealed an altered immune
response when exposed to E. faecalis. In summary, the results of these experiments demon-
strated that HPX-2 is an immuno-protective peroxidase likely functioning in the development
of cuticle barrier tissue associated with the hypodermis and pharynx.

Results
HPX-2 protects against many, but not all, pathogens

Using RNAI, knock-down of hpx-2 resulted in increased sensitivity of C. elegans to E. faecalis
infection (S1 Fig), as previously reported [14]. To further study the function of HPX-2, we gen-
erated a truncated mutant allele (hpx-2(dg047)) by CRISPR-Cas9 mediated gene editing. hpx-2
(dg047) is missing most of the predicted peroxidase domain and is a predicted loss-of-function
mutant. We additionally obtained a nonsense mutant allele, hpx-2(gk252521), from the Cae-
norhabditis Genetics Center that is predicted to produce a protein lacking the entire peroxi-
dase domain (Fig 1A). The mutants were tested for general defects in fitness by measuring
their longevity on live (S2A Fig) and heat-killed E. coli OP50 (S2B Fig). While both mutants
showed slight longevity defects compared with the wild type reference strain, N2, on live E.
coli, there was no significant difference on heat-killed E. coli. The minor longevity defect of the
mutants on live E. coli OP50 might result from the slight pathogenicity of OP50 towards
worms as they age [15]. Overall, these data suggest that the loss of HPX-2 does not dramatically
affect the fitness of the worms.

We next tested the susceptibility of both hpx-2 mutants to E. faecalis. In agreement with the
RNAI experiment, both mutants showed significantly decreased survival on this species of bac-
teria compared to N2 (Fig 1B). Furthermore, the difference disappeared when worms were
exposed to E. faecalis inactivated by vancomycin treatment, suggesting live bacteria were
required for killing, and again indicating that the animals do not have a general fitness defect
(Fig 1C). To test if the pathogen susceptibility of the hpx-2 mutants is pathogen-specific, we
exposed them to multiple human pathogens including the fungal pathogen Candida albicans
SC5314 (Fig 1D), Gram-positive pathogens Staphylococcus aureus NCTC8325 (Fig 1E) and
Corynebacterium diphtheriae NCTC12129 (Fig 1F), and finally Gram-negative pathogens
Pseudomonas aeruginosa PA14 (Fig 1G), Escherichia coli O157:H7 Sakai (EHEC; Fig 1H), and
Salmonella enterica SL1344 (Fig 1I). Interestingly, ipx-2 mutants showed susceptibility to all
the microbial pathogens tested except for the Gram-negative bacteria, raising the possibility
that differences in microbial cell wall structure might impact the phenotype observed with loss
of hpx-2 (see Discussion).

To verify that HPX-2 is required for pathogen resistance, we complemented the mutant
strains with DNA containing the hpx-2 gene and subjected the animals to E. faecalis exposure.
When exposed to E. faecalis, the complemented strains showed a significant increase in patho-
gen tolerance compared to the parental strains, reaching a level of resistance similar to N2 (Fig
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Fig 1. HPX-2 contributes to C. elegans resistance to some pathogens. (A) Schematic representation of the predicted
HPX-2 translated products in N2, hpx-2(dg047), and hpx-2 (gk252521). (B) Survival of N2 and hpx-2 mutants on live
Enterococcus faecalis OGIRF. (C) Survival of N2 and hpx-2 mutants on vancomycin inactivated Enterococcus faecalis
OGI1REF. Survival of N2 and hpx-2 mutants on (D) Candida albicans SC5314, (E) Staphylococcus aureus NCTC8325,
(F) Corynebacterium diphtheriae NCTC12129, (G) Pseudomonas aeruginosa PA14, (H) Escherichia coli O157:H7 Sakai
(EHEC), and (I) Salmonella enterica SL1344. Results from one representative experiment with an n of approximately
90 worms for each condition are shown. Median survival and P-values are listed in S8 Table as experiment No.1 along
with those from additional biological replicates.

https://doi.org/10.1371/journal.pgen.1007944.9001

2A and 2B). These data collectively suggest that HPX-2 is required for resistance to many, but
not all, pathogens capable of infecting C. elegans.

HPX-2 is present in the hypodermis and pharynx

Previous studies showed that the only functional NOX/DUOX in C. elegans, BLI-3, is present
in the pharynx, the hypodermis and the intestine of the worms [10, 12]. We postulated that
heme peroxidases that might functionally interact with BLI-3 are likely to be in one or more of
the tissues that harbor BLI-3. Indeed, we previously demonstrated that SKPO-1, another
immune-protective peroxidase, localizes to the hypodermis [16]. To functionally localize
HPX-2, we conducted tissue-specific RNAi to knock down hpx-2 in the intestine or hypoder-
mis and measured the worms’ susceptibility to E. faecalis. We observed that intestinal RNAi
did not affect pathogen susceptibility, whereas hypodermal RNAi resulted in a slight but signif-
icant decrease, suggesting that HPX-2 might be present in the hypodermis and contribute to
pathogen resistance in this tissue (Fig 3A and 3B).

To directly visualize the expression of HPX-2, we created a partial translational fusion of
HPX-2 to GFP. Specifically, the upstream sequence and the first two exons of the hpx-2 gene
were cloned to generate a fusion with GFP, and the construct was injected into the worms (Fig
3C). The resulting extrachromosomal array was then integrated into the chromosome. We ini-
tially looked at the stable, transgenic worms at different development stages, but did not
observe GFP expression in the majority. Occasionally (in about ~1% of the worms), we
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Fig 2. Genomic hpx-2 complementation rescues the susceptibility to E. faecalis. (A) Survival of N2, hpx-2(dg047) mutant, and its complemented strain on E.
faecalis. (B) Survival of N2, hpx-2(gk252521) mutant, and its complemented strain on E. faecalis. The hpx-2 mutants are set as the control comparison. Results
from one representative experiment with an n of approximately 90 worms for each condition are shown. Median survival and P-values are listed in S8 Table as
experiment No.1 along with those from additional biological replicates.

https://doi.org/10.1371/journal.pgen.1007944.9002
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replicates are listed in S8 Table as experiment No.1. (C) Illustration of upstream region and the first two exons of the hpx-2 gene that are fused to gfp.
The expression pattern of hpx-2::gfp under the confocal microscope in young-adult worms (D)and dauer worms (E-G). Red arrow heads indicate the
pharyngeal expression of hpx-2 in either the processes (D and E) or the gland cells (F and G). (G) Higher magnification of the terminal bulb showing
the pharyngeal expression pattern of hpx-2::gfp. (H) Diagram of the relevant features of the terminal bulb imaged in G. Note that D-G are mergers of
images taken using the DIC, FITC and TRITC filters. Background autofluorescence is detected by both FITC and TRITC filters causing the merge to
appear yellow, whereas true GFP expression only appears in the FITC filter and is green.

https://doi.org/10.1371/journal.pgen.1007944.9003

observed a green fluorescent stripe extending from the distal bulb of the pharynx to the ante-
rior of the buccal cavity (Fig 3D and 3E). We postulated that the expression level might be too
low to detect. In fact, expression data from Wormbase and our RNA-seq data (see below) indi-
cate that the overall expression level of hpx-2 gene is extremely low at the whole worm level
but increases significantly upon entry into dauer. When we subsequently analyzed dauer ani-
mals using confocal microscopy, we observed weak expression of hpx-2::GFP in the distal bulb
of the pharynx in nearly all animals (Fig 3F). At higher magnification, the localization pattern
was most consistent with expression in the gland cells (Fig 3G and 3H) [17]. Again, around 1%
of the worms showed the striped expression pattern, resembling the structure called the “pro-
cess” that extends from the dorsal gl gland cell to the anterior of the buccal cavity (Fig 3E).
Interestingly, the process functions in transporting excreted material from the gland cell to the
pharyngeal lumen [18, 19]. Overall, these results indicate that hpx-2 is expressed in the hypo-
dermis and pharynx.

HPX-2 contributes to cuticle integrity

A functional role in cuticle biogenesis was demonstrated for some of the previously studied
heme peroxidases and loss-of-function mutations sometimes caused abnormal cuticle mor-
phology. For example, MLT-7, was shown to function in conjunction with BLI-3 to cross-link
the cuticular collagens during the molting process. Loss of MLT-7 resulted in a blistered phe-
notype due to incomplete cross-linking of these extracellular matrix proteins [13]. Another
immune protective peroxidase previously studied by our lab, SKPO-1, has an incomplete pen-
etrance of dumpy phenotype when mutated, again suggesting a role in cuticle generation [14].

Given the pathogen sensitivity phenotype that resulted from hypodermal-specific RNAi
(Fig 3B), we postulated that HPX-2 might play a role in the generation and/or structural integ-
rity of the cuticle. However, unlike the mlt-7 or skpo-1 mutants, the hpx-2 animals displayed
normal morphology as observed under the dissecting microscope (S3A Fig). To test for more
subtle defects, cuticle integrity was measured by testing how permeable the animals were to a
DNA dye [20]. Specifically, we exposed the worms to the DNA staining agent Hoechst 33258
and scored how many exhibited nuclear staining of underlying tissue (Fig 4A). While about
15% of N2 animals showed evidence of nuclear staining, twice as many of the HPX-2 mutants
displayed this phenotype, indicative of some loss of cuticle integrity (Fig 4B). The staining was
observed at higher resolution to better classify which tissues were affected. Along the length of
the worm, we sometimes observed enhanced staining of the hypodermal cell nuclei that under-
lie the cuticle on the outside of the worm’s body (Fig 4C). We counted animals that were spe-
cifically positive for this staining pattern and found that less than 1% of N2 animals were
positive for dye penetrance along the body cuticle, but 2-5% of the hpx-2 mutants were,
depending on the allele (Fig 4D). Staining of the hypodermal cell nuclei also occurs in the head
region, but at higher resolution additional staining of the pharyngeal muscle tissue was
observed, indicative of penetration of the cuticle that lines the pharyngeal lumen (Fig 4E).
Approximately twice as much staining was apparent in the hpx-2 mutants compared to N2
(Fig 4F). These data are consistent with a weaker, more penetrant cuticle in both the hypoder-
mal and pharyngeal cuticle.
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Fig 4. The cuticle defect of hpx-2 mutants. (A) Hoechst staining of N2, hpx-2(dg047) and hpx-2(gk252521) worms. Worms with stained nuclei were scored as
positive. Images presented are representative of ~300 worms observed. (B) Quantification of Hoechst positive worms in N2, hpx-2(dg047) and hpx-2(gk252521)
worms. Compared with N2, both mutants had significantly higher level of Hoechst staining (Pjx.2(dgo47) = 0.0022, Py o(gk252521) = 0.033). (C) Hoechst staining at
higher magnification of hypodermal cells along body. (D) Quantification of animals with Hoechst staining of body hypodermal nuclei (Pj.2(4g047) = 0.0023,
Phpx-2(gk252521) = 0.0310). (E) Hoechst staining of nuclei in head region, specifically showing a focal plane cutting through the pharynx. (F) Quantification of
animals with Hoechst staining of head nuclei (Pjpx-2(4g047)<0.0001, P 2(gk252521) = 0.0137). The graphs in B, D and F were generated from 3 independent
experiments (n = 100). Error bars represent SEM.

https://doi.org/10.1371/journal.pgen.1007944.9004

Even though the loss of HPX-2 did not affect the low-resolution morphology of the worm, we
observed that some of the strains generated by injection of higher amounts of the hpx-2 comple-
mentation construct displayed a slightly dumpy or partial roller phenotype. These animals were
also more sensitive to E. faecalis than wild-type or hpx-2 mutant animals (S4A and S4B Fig). We
hypothesized that overexpression of hpx-2 might be contributing to these phenotypes. The level of
hpx-2 expression in the different strain backgrounds was measured, showing a correlation
between higher mRNA levels and hyper-sensitivity to E. faecalis (S4C Fig). The results indicate
that too much as well as too little HPX-2 cause cuticle defects and sensitivity to the pathogen.

HPX-2 limits colonization by E. faecalis, but has no effect on P. aeruginosa

Next, the functional relevance of the pharyngeal presence of HPX-2, was further examined. As
mentioned, the apical surface of the pharyngeal lumen is lined with cuticle, which connects to
the cuticle of the hypodermis. Specialized projections of the pharyngeal cuticle can form struc-
tures, such as the teeth-like formations found in the terminal bulb (grinder) that are thought
to contribute to mechanical microbial disruption [18]. HPX-2 was found to be expressed in
the gland cells of the pharynx (Fig 3D-3G), and the pharyngeal cuticle was more penetrant to
Hoescht dye in the hpx-2 mutants (Fig 4E and 4F). The data is consistent with HPX-2 aiding
cuticle development/remodeling of this organ following excretion into the pharyngeal lumen.
We hypothesized that loss of hpx-2 weakens the pharynx, resulting in less disruption of
ingested bacteria and increased intestinal colonization by pathogens. To test this hypothesis,
we exposed L4 worms to a strain of E. faecalis OG1RF that constitutively expresses GFP and
measured the level of intestinal colonization by both fluorescence microscopy and CFU plat-
ing. At Day 2 of infection, we observed a higher level of intestinal colonization in the hpx-2
mutant strains, indicated by higher fluorescent intensity and CFU counts (Fig 5A and 5B). In
contrast, when we exposed worms to a P. aeruginosa PA14 strain expressing dsRed [21], we
did not observe any significant differences between the N2 strain and the mutants in either
fluorescent intensity or CFUs (Fig 5C and 5D), which is consistent with the observation that
N2 and hpx-2 mutants are equally susceptible to P. aeruginosa (Fig 1G). Although the hpx-2
mutant might have impaired grinding capability, no obvious structural abnormalities of the
pharynx were observed when examined by light and high-resolution transmission electron
microscopy (TEM) (S5 Fig). TEM also show that the teeth-like structures found in the grinder
are normally shaped (S5B Fig). In addition, the pumping rate and brood size of the worms
were not significantly affected (S3B and S3C Fig). Altogether, these results suggest that HPX-2
functions in the pharynx to reduce intestinal colonization by some pathogens, possibility
through structural reinforcement, hardening, of the pharyngeal cuticle, and not by changing
morphological features such as the overall shape of the grinder and the grinder teeth.

The catalytic activity of HPX-2 is partially required for the resistance to
pathogens

Sequence comparison of HPX-2 to other peroxidases indicates that HPX-2 possesses all the
conserved residues required for peroxidase catalytic activity, including the proximal histidine
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Fig 5. Intestinal colonization of hpx-2 mutants by pathogens. Colonization of (A) GFP-labeled E. faecalis OG1RF and (C) dsRed labeled P. aeruginosa PA14 in N2,
hpx-2(dg047) and hpx-2(gk252521) worms at day two and day one of infection, respectively. (B) E. faecalis CFU counts per worm (P 2(dg047) = 0.0471, Pppx a(gkas2521)
=0.0275, n = 19 (combined from 3 independent experiments)). (D) E. faecalis CFU counts per worm (P 2dgoa7) = 0.1833, Pppy 2(gkas2521) = 0.2724, n = 19
(combined from 3 independent experiments)). Error bars represent SEM.

https://doi.org/10.1371/journal.pgen.1007944.9005

(H**), the catalytic Arginine (R*”?), and the distal histidine (H*"®) (reviewed by [22]). On the
other hand, similar to BLI-3 and MLT-7, HPX-2 lacks the covalent heme-binding residues that
are conserved in mammalian peroxidases [22]. However, this does not rule out the possibility
of non-covalent heme binding since both human DUOX1 and 2 lack the conserved residues
but still bind heme weakly [23, 24]. Thus, we hypothesize HPX-2 has peroxidase activity.

In previous work, a skpo-1 mutant was characterized as releasing more H,0O, than N2 when
exposed to the pathogen E. faecalis, presumably because less H,O, was being utilized [14]. In
contrast, we found H,O, levels generated by the hpx-2 (dg047) mutant were comparable to N2
following exposure to E. faecalis (S6 Fig). While this could be because HPX-2 possesses little
peroxidase activity, it also could be due to its low expression level or a lack of activity under
these conditions.

To further examine the possible contribution of HPX-2’s peroxidase activity to pathogen
resistance, we analyzed a strain harboring a single amino acid mutation that changes an active
site residue of the peroxidase domain. Specifically, the catalytic arginine residue was substi-
tuted to alanine using CRISPR-Cas9 mediated mutagenesis (S7 Fig). The catalytic arginine is
conserved throughout the peroxidase-cyclooxygenase superfamily, and the substitution of the
arginine to alanine abolishes peroxidase activity [25, 26]. The point mutant exhibited increased
sensitivity to E. faecalis, however, the phenotype was not as strong as the deletion mutant (Fig
6B). These data suggest that the catalytic activity of the peroxidase active site of HPX-2 contrib-
utes to the pathogen resistance phenotype.

Transcriptome analysis reveals that hpx-2 mutant misregulates genes for
cuticle synthesis and has a stronger response to infection

To better understand how the loss of HPX-2 affected the global gene profile of the worm, we
conducted a transcriptome analysis using RNA sequencing. Specifically, we first examined the
differences in gene expression of a hpx-2 mutant (hpx-2 (dg047)) compared to the N2 reference
strain under both non-pathogenic (exposed to E. coli OP50) and pathogenic (exposed to E. fae-
calis OG1IRF) conditions. Genes that were significantly altered in hpx-2 animals are plotted in
Fig 7A. Under the non-pathogenic condition (exposed to E. coli OP50), there were a total of 69
genes that were significantly differentially expressed in the mutant, with 34 genes up-regulated
and 35 down-regulated (S1 Table). 21 of the affected genes encode for structural constituents
of cuticle, including 17 col genes, 3 dpy genes (dpy-3, dpy-4, and dpy-5), and 2 rol genes (rol-1
and rol-6). All of them are upregulated, suggesting a perturbed cuticle biogeneration process
upon the loss of HPX-2 (S1 Table). We next analyzed gene expression in a hpx-2 mutant after
16 hours of exposure to E. faecalis OG1RF. We chose this early time point because the worms
show limited damage and thus the indirect effects should be smaller than later during infec-
tion. Under these conditions, there were a total of 125 genes that were differentially expressed
in the mutant (72 up-regulated and 53 down-regulated) with 106 of them unique to the patho-
genic condition (S2 Table). Interestingly, genes involved in cuticle generation were again sig-
nificantly altered. Compared to the 21 genes under the nonpathogenic conditions, a total of 41
cuticle genes were affected and up-regulated. In addition to the increased changes in cuticle
structural genes, there was an enrichment of genes encoding proteins involved in defense
response to Gram-positive bacteria (Fig 7B). These include 4 out of 10 lysozyme genes (lys-1,
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Fig 7. Transcriptome analysis of hpx-2 mutant. (A) Scatter plot of genes changed in hpx-2(dg047) animals, as
compared to N2 animals, when either exposed to E. coli (x-axis) or E. faecalis (y-axis). Values of 10 or -10 indicate
expression level under one condition was 0 RPKM. (B) Gene Ontology (GO) term of Biological Process (BP) analysis
of genes that changed upon loss of hpx-2(dg047) compared to N2, when exposed to E. faecalis. (C) qRT-PCR validation
of 10 selected genes differentially expressed in the RNA-seq analysis of hpx-2(dg047) to N2 on E. faecalis. Mean log,
(fold change) determined in three independent qRT-PCR were plotted against the log, (fold change) from the RNAseq
experiments. (D) Scatter plot of genes changed when exposed to E. faecalis, as compared to E. coli, in N2 (x-axis) or
hpx-2(dg047) (y-axis) animals. Genes that are significantly changed under at least one condition are presented. Values
of 10 or -10 indicate expression level under one condition was 0 RPKM.

https://doi.org/10.1371/journal.pgen.1007944.9007

lys-2, lys-3, and lys-7), and f53a9.8, which is involved in defense response against Gram-posi-
tive bacteria and expressed in the intestine [27-29].

Although the transcriptome changes we detected were modest, both in the number of genes
affected and the amplitude of the effect, several observations suggest these reflect the biological
effect of HPX-2. First, hpx-2 gene expression is restricted to a few cells, and thus we would not
expect large transcriptome effects that are averaged over the whole animal. Second, we per-
formed five biological replicates of RN Aseq and the differences were highly reproducible.
Third, the affected genes are enriched for cuticle biogenesis, which correlates well with the
known requirement for peroxidases in cuticle cross-linking and the increased permeability of
the cuticle to dye that was observed (Fig 4). Fourth, although the overlap in genes that were sig-
nificantly affected in the hpx-2 mutant under the two conditions is modest, in most cases
genes that were significantly affected in one direction under the E. coli condition were affected
in the same direction under the E. faecalis condition and vice versa, even if the effect reached
significance only in one comparison (Fig 7C). Finally, we used qRT-PCR to validate ten genes
that were changed in the hpx-2 mutant compared to N2 under pathogenic conditions. These
qRT-PCR experiments were performed on RNA isolated from three biological replicates that
were independent of the RNAseq RNA samples, yet there was a strong correlation between the
results (Fig 7C; R* = 0.92 between fold change by RNAseq and qRT-PCR). Therefore, we con-
clude that there are modest but significant effects on the transcriptome that implicate HPX-2
in cuticle biogenesis and defense against Gram-positive bacteria.

Next, we examined the gene profiles of animals exposed to E. faecalis as compared to those
exposed to OP50 (Fig 7D, S3 and S4 Tables). In N2, a total of 4217 genes (2560 up-regulated
and 1657 down-regulated) were significantly differentially expressed, many of which were con-
sistent with previously published data (S3 Table) [30]. In the hpx-2 mutant, however, a larger
number of genes were significantly differentially expressed: 8313 genes in total with 4255 of
them up-regulated and 4058 down-regulated (S4 Table). To examine the relationship between
the two sets of genes, genes that were significantly expressed under at least one condition were
plotted (Fig 7D). Compared to the N2 strain, the hpx-2 mutant had similar, but stronger
responses to the pathogen, contributing to the larger number of genes with significant changes
in expression under the pathogenic condition. In summary, we conclude that the loss of hpx-2
results in a similar, but stronger response to infection. We speculate that the greater microbial
load of E. faecalis observed in the hpx-2 mutant (Fig 5A) caused this observation of a more
robust transcriptional response. In other words, the hpx-2 animals are essentially farther along
in the infectious process than the N2 animals when they were assayed because they controlled
the microbial load more poorly.

Discussion

In this study, we demonstrate that the heme-containing peroxidase HPX-2 plays an important
role in attenuating infection by a variety of pathogens. We postulate that HPX-2 functions in
two tissues, the pharynx and the hypodermis, to protect worms from infection as modeled in
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Fig 8. Model for HPX-2 function in hypodermis and pharynx. Diagram of head of the worm. The green structure is the pharynx. Brown lines
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Fig 8. In the pharynx, we favor a model in which HPX-2 contributes to the hardness/imperme-
ability of the grinder, allowing better disruption of microbes with thick cells walls, and inhibit-
ing microbial colonization of the intestine. In the hypodermis, we postulate that HPX-2 also
contributes to the structural integrity of the cuticle, and changes to this barrier tissue perturb
signaling pathways resulting in greater susceptibility. We discuss both these aspects of HPX-2
function in more detail below.

Pharyngeal function of HPX-2

In the pharynx, the expression pattern of hpx-2::GFP resembles that of the gland cell reporter
gene B02807::GFP [27, 31], with expression being observed in the process that extends from
the terminal bulb to the posterior end of the buccal cavity. There are two groups of gland cells,
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three g1 cells and two g2 cells, located at the distal bulb of the pharynx. The gland cells are
thought to secrete vesicles containing enzymes that function in the digestion of microbial food
and aid in cuticle formation during the molting process [19]. Specifically, during the feeding
process, small vesicles are transported from the gl cells through the process to the secretory
ducts to aid digestion. During molting, much larger vesicles are transported through the pro-
cess and the enzymes they contain are thought to be involved in the tearing down and building
up of the cuticle, a critical remodeling process [19].

HPX-2 has a signal peptide sequence and is predicted to be secreted. We postulate that
HPX-2 is protective by virtue of it being released into the pharyngeal lumen by gland cells to aid
in cuticle remodeling of the pharynx during development. A properly developed pharyngeal cuti-
cle is likely necessary for effective disruption of microbes during the digestive process. Because
Gram-positive bacteria and fungi like C. albicans have thicker, harder-to-disrupt cell walls, this
model could explain why the hpx-2 mutants were colonized more efficiently by, and were more
susceptible to, these pathogens compared to Gram-negative bacteria (Figs 1 and 5). The increased
microbial load of E. faecalis in the hpx-2 mutant could also explain why the transcriptional
response was stronger compared to N2 (Figs 5A, 5B and 7D). The cell envelope of Gram-negatives
is comprised of two membranes, but only a thin layer of peptidoglycan, rendering these organisms
easier to disrupt by mechanical means (Reviewed in [32]), and may explain why the hpx-2
mutants were not more susceptible to them. While we favor HPX-2 function ultimately affecting
the mechanical efficiency of pharyngeal grinding, other explanations such as helping generate a
microbicidal oxidant or effects on immune signaling remain formally possible.

In previous studies examining staged animals, significant levels of hpx-2 expression were
only observed during dauer [33]. Using lines expressing an HPX-2::GFP fusion, we also
detected expression during dauer in most animals examined (Fig 3E). However, we did not
observe GFP expression in the vast majority of animals at other stages (L1-L4 and adult) and
during pathogen exposure. The hpx-2 transcript was also not induced following pathogen
exposure (S3 Table). Expression was observed only occasionally in the pharyngeal processes as
shown in Fig 3D. Other genes encoding proteins involved in cuticle development like mlt-7
are expressed at intervals corresponding to the larval molts [13]. However, we did not observe
consistent expression associated with molting using staged HPX-2::GFP animals. Based on all
these observations, it appears that hpx-2 is expressed during dauer, a time of cuticle remodel-
ing, but the timing of its role in non-dauer development remains unclear. It is possible that
HPX-2 is subject to mechanisms of post-transcriptional regulation that would not necessarily
be elucidated by these approaches focused on transcriptional regulation.

Hypodermal function of HPX-2

Peroxidases play important roles in cuticle bio-generation process and loss-of-function
mutants frequently exhibit morphological defects. Mutations in MLT-7 or the peroxidase
domain of BLI-3 result in severe blister phenotypes [13, 34]. skpo-1 mutants have a partially
penetrant dumpy phenotype [14]. Loss of HPX-2 did not result in a morphological phenotype
observable by light-microscopy or TEM. However, the increase in cuticle permeability, as evi-
denced by Hoechst staining, indicates some perturbation of the cuticle. Additionally, overex-
pression of hpx-2, by injection of higher concentrations of the transgene, resulted in some dpy
and rol animals, again indicative of HPX-2 playing a role cuticle biogenesis in the hypodermis.
Tissue-specific RNAi knock-down of hipx-2 in the hypodermis resulted in a weak susceptibility
phenotype. Collectively, these data suggest that hpx-2 is expressed and plays an infection-pro-
tective role in the hypodermis, though expression of our HPX-2::GFP transgene was not
detectable in this tissue.
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How might a hypodermal cuticle impaired by lack of HPX-2 translate into susceptibility to
pathogen, particularly pathogens that colonize and infect the intestine? First of all, it is impor-
tant to note that not all cuticle defects alter sensitivity. For example, mit-7 mutations and bli-3
peroxidase domain mutations result in severe blistered phenotypes, with no concomitant
increase in pathogen susceptibility [8, 14]. Interestingly, a recent study showed that disruption
of some, but not all, aspects of hypodermal cuticle structure triggers the activation of multiple
stress response pathways [35]. Specifically, it was discovered that disruption of the annular fur-
rows activates detoxification, osmolyte sensitivity, and most importantly, antimicrobial
responses. In regards to HPX-2, we hypothesize that structural disturbance of the hypodermal
cuticle perturbs signal transduction related to innate immune and/or stress responses. These
changes in signaling in the hypodermis could affect the responses in other tissue by cell non-
autonomous signaling events. However, a precise understanding of how cuticular localized
HPX-2 impacts innate immunity will require more detailed knowledge of exactly how HPX-2
modulates cuticle structure.

Summary

In conclusion, we report the characterization of a heme peroxidase, HPX-2, that functions pro-
tectively against multiple pathogen infections in C. elegans. Our data suggest that HPX-2 con-
tributes in a peroxidase-dependent manner by modulating cuticle structure, affecting barrier
function and possibly signaling. Such functions are consistent with the role of peroxidases in
other systems. For example, plant peroxidases function during infection in barrier tissue
remodeling, specifically cell wall cross-linking and cell wall expansion [36]. Additionally, it has
been shown in Drosophila that ROS contribute to barrier defense when utilized by peroxidases,
but also serve as a signal to induce global production of antimicrobial peptides [37, 38]. This
work highlights the importance of peroxidases in such roles extends to C. elegans.

Materials and methods
Strain maintenance

C. elegans strains were grown and maintained as previously described [39]. The hpx-2 non-
sense mutation strain VC20223 hpx-2 (gk252521) was obtained from the Caenorhabditis
Genetic Center and was backcrossed with N2 Bristol six times. C. elegans strains, bacterial
strains, and fungal strains used in this study are listed in Supplemental Material, S5 Table. For
experiments requiring synchronized worms, L1 stage worms on starved plates were washed
off, filtered through a 10um filter (pluriSelect, pluriStrainer 10pm), harvested by centrifuga-
tion, transferred to seeded plates, and grown to the desired stage.

Strain construction

To generate the hpx-2(dg047) CRISPR knock-out strain, single guide (sg) sequences were
designed by WU CRISPR (http://crispr.wustl.edu) using the un-spliced sequence of the hpx-2
gene. Four 18 bp sg sequences with WU score higher than 65 were selected and separately
cloned into pJW1219 [40]. A mixture of four plasmid constructs was injected into N2 worms
at a concentration of 10 ng/ul each, and with 10 ng/ul of pJW1219-dpy-10 as a co-CRISPR
marker. Worms that displayed a roller or dumpy phenotype were then isolated for genotyping
to test for insertions and/or deletions (INDEL) in the hpx-2 gene. Verified hpx-2 mutants were
backcrossed with N2 to eliminate the dpy-10 mutation.
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The HPX-2 catalytic residue mutant strain (HPX-2-R372A), was generated by Suny Biotech
(http://www.sunybiotech.com/) using CRISPR-Cas9. The mutant strain PHX782 hpx-2
(syb782) was verified by PCR sequencing and the primers are listed in S6 Table.

To generate the hpx-2 complemented strains, a 12 kb DNA fragment containing the hpx-2
gene and 5 kb of upstream and 4 kb of downstream sequences was amplified from the genomic
DNA of N2 worms. The PCR product was then purified and injected into hpx-2(dg047) and
hpx-2(gk252521) at 20 ng/pl concentration with 50 ng/pl of EcoRV-digested genomic DNA
from N2 worms. pCFJ90 (pMyo2::mCherry) was used as a fluorescent co-injection marker at a
final concentration of 2 ng/ul.

To visualize hpx-2 expression, the GF203 strain was generated by injecting the pPD95.75
(50 ng/pl) plasmid containing the 4 kb upstream of hpx-2 and the first two exons fused to gfp,
with 20 ng/pl pRF4 (rol-6(su1006)) as a roller co-injection marker. The obtained strains with
extrachromosomal arrays were then exposed to trimethylpsoralen (TMP) with UV irradiation
and back crossed six times to generate stable integrated transgenic lines using a previously
described protocol [41]. All the oligonucleotide primers used in this study are listed in S6
Table.

Killing and longevity assays

Killing assays and longevity assays were conducted as previously described, with some slight
modifications [42-44]. All assays were done with 30 worms at the L4 stage on three replica
plates (or 6-plate wells for the C. albicans assay) for a total of 90 animals and scored for survival
over time. For plate preparation, E. faecalis OG1RF was grown in BHI media for 5 hours and
seeded onto BHI agar plates with 50 ug/ml of gentamycin and grown overnight at 37°C. For
the vancomycin inactivated killing assay, E. faecalis OG1RF was grown in BHI medium over-
night and concentrated 10-folds prior to being seeded onto BHI agar plates with 50 pg/ml of
gentamycin and 15 pg/ml of vancomycin and incubated for 5 hours at 37°C. P. aeruginosa
PA14 was grown in LB broth overnight and seeded onto SK plates, incubated at 37°C for 24
hours, and then 25°C for another 24 hours. S. enterica SL1344 was grown in LB overnight and
seeded onto SK plates and incubated at 37°C overnight. S. aureus NCTC8325, grown in TSB
with 10 pg/ml nalidixic acid (Nal) overnight, was seeded to TSA+Nal plates and incubated at
37°C for 6 hours. C. diphtheriae NCTC13129 grown in BHI overnight was seeded onto BHI
plates containing 25 pug/ml Nal and 50 pg/ml 5-fluoro-2-deoxyuridine (FuDR) and incubated
at 37°C for 24 hours. C. albicans strain SC5314 was grown overnight in BHI media and spotted
onto solid BHI plates. L4 stage worms were exposed to C. albicans for 4 hours and were col-
lected, washed, and transferred to six-well plates containing 20% BHI and 80% M9W, and
scored for survival daily [45].

RNA interference

To knock down hpx-2 gene expression, L1 to L4 stage larvae were exposed to E. coli HT115
containing the expression plasmid for double-stranded hpx-2 previously constructed [16]. L4
stage worms were then transferred to E. faecalis killing plates for the pathogen susceptibility
assay.

Fluorescence microscopy

To visualize HPX-2::GFP expression, worms with the roller phenotype indicative of the co-
injection marker were picked and anesthetized with 25 mM tetramisole and mounted on 2%
agarose pads. The worms were then visualized and imaged using Olympus FLUOVIEW
FV3000 confocal microscopy equipped with Fluoview FV315-SW software. Z-stack images
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were acquired using a step size of 0.7 pm and processed using Olympus cellSens Dimension
Desktop software.

To visualize intestinal colonization by E. faecalis and P. aeruginosa, C. elegans were exposed
to these pathogens for 48 hours (E. faecalis) and 24 hours (P. aeruginosa) respectively on agar
plates. They were then washed off the plates and washed four times with 1 ml of MOW. Follow-
ing anesthesia with 25 mM tetramisole hydrochloride, the worms were mounted on 2% aga-
rose pads for imaging, using Olympus FLUOVIEW FV3000 confocal microscopy equipped
with Fluoview FV315-SW software.

Colony forming unit assay of intestinal colonization

To measure intestinal CFUs, animals were exposed to bacteria as described above and then
washed off plates with MOW. They were then washed three times in 1 ml of M9W, then twice
more with 1 ml of MOW containing 25 mM tetramisole hydrochloride. The worms were then
treated with 500 ul MOW containing 25 mM tetramisole hydrochloride, 1 mg/ml of ampicillin,
and 1 mg/ml kanamycin for 1 hour to kill all surface bacteria. The treated worms were washed
twice more with 1 ml of MOW containing 25 mM tetramisole hydrochloride, transferred to an
Eppendorf tube containing 100 ul of M9 (one worm per tube), and disrupted using a motor-
ized pestle (Kontes cordless pestle (cat# K749540-0000) and pestles (cat# K749521-1590) for 1
min. The solution was then serially diluted in M9 and spotted on agar plates for CFU
counting.

Hoechst staining

Hoechst staining of the worms was performed as previously described [46] with the following
modifications. Specifically, worms were washed off of plates with MOW buffer, and then incu-
bated in MOW containing 10 pg/ml Hoechst 33258 dye (Sigma) at room temperature for 20
minutes with gentle shaking, followed by three more washes with M9W before imaging.
Images were acquired using Olympus FLUOVIEW FV3000 confocal microscopy equipped
with Fluoview FV315-SW software. Z-stack images were acquired using a step size of 0.7 pm
and processed using Olympus cellSens Dimension Desktop software. Hoechst-positive worms
were scored based on staining of the cell nuclei, indicative of cuticle penetration.

Transmission electron microscopy (TEM)

L4 stage worms were collected and fixed in 3% glutaraldehyde overnight. Samples were then
prepared and thin-sectioned for transmission electron microscopy as previously described
[45]. Image acquisition was done using a JEOL 1400 transmission electron microscope at 60
kV, equipped with a 2K x 2K Gatan charge-coupled-device camera.

RNA isolation and qRT-PCR analysis

L4 animals were exposed for 16 hours to the condition of interest and total RNA was extracted
using Trizol (Invitrogen) according to the manufacturer’s instructions. RNA samples were
treated with Turbo DNA free kit (Applied Biosystems) to eliminate DNA contamination.
qRT-PCR was performed as previously described [47]. The actin gene was used as an internal
control. Primers used in qRT-PCR are listed in S7 Table.

RNA sequencing

L4 stage worms were exposed to E. faecalis or E. coli for 16 hours and total RNA was extracted
for 4 biological replicates. Illumina Hiseq 4000 sequencer with 75 nt pair-ended read format
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was used to conduct the sequencing. The sequencing reads (ranging from 20 million to 37 mil-
lion per biological replicate) were quality and adaptor trimmed and mapped to the reference
genome (version WBcel235 downloaded from http://ensemblgenomes.org) using Tophat [48].
The expression level (RPKM) of annotated genes was measured using Cufflink [49], and differ-
ential expression analysis was conducted using Cuffcompare and Cuftdiff [49] using the gene
annotation (Caenorhabditis_elegans.WBcel235.37.gff3 downloaded from http://
ensemblgenomes.org). Gene Ontology analysis was carried out by using DAVID (the Database
for Annotation, Visualization, and Integrated Discovery) 6.8 [50]. Gene enrichment with a
Benjamini adjusted P < 0.05 is listed. Genes that were differentially regulated under different
conditions are listed in S1-S4 Tables. The sequencing data are available from the GEO data-
base under accession number GSE124372.

Amplex red assay

To measure H,0, concentration of the worms, the Amplex red assay was performed as previ-
ously described [16] using the Amplex Red hydrogen peroxide/peroxidase kit (Invitrogen
Molecular Probes, Eugene, OR) with the following modifications: L4 worms were exposed to a
bacterial strain for 16 hours and transferred to 96 well plates with 30 worms in each well. A
total of 80 mM diphenyleneiodinium chloride (DPI) (TCI, Tokyo) was added to some wells
and allowed to incubate for 15 minutes prior to addition of Amplex Reagents. After 1 hour of
incubation, fluorescence was measured at 540/590 nm excitation and emission, respectively.

Pharyngeal pumping rate
To measure the pharyngeal pumping rate of the worms, contractions of the posterior pharyn-

geal bulb were observed and counted over a 10 second interval for 15 adult animals under a
20X magnification stereo microscope.

Brood size

To measure the brood size of the worms, 9 L4 stage worms were singled on NGM plates,
allowed to lay eggs and transferred to a new plate each day until no more eggs were produced.
The offspring on the plates were counted to calculate brood size.

Statistical analysis

Survival, longevity assays, qRT-PCR, intestinal CFU, and Hoechst staining data were analyzed
using GraphPad Prism version 7.0 (GraphPad Software, San Diego). Kaplan-Meier log rank
analysis was used to compare longevity and survival curves. An unpaired Student’s t-test was
used to determine the statistical significance of the intestinal CFU and Hoechst staining data.
In all the experiments, P-values < 0.05 were considered to be significant and are noted in the
Figs with one asterisk indicating P < 0.05, two indicating P < 0.01, three indicating P < 0.001
and four indicating P < 0.0001.

Supporting information

S1 Fig. HPX-2 contributes C. elegans resistance to E. faecalis. Survival of worms on E. faeca-
lis OG1RF following exposure to vector control (VC) RNAi and hpx-2 RNAi. Representative
results from one experiment with an n of approximately 90 worms for each condition are
shown. Median survival and P-values along with replicates are listed in S8 Table.

(PPTX)
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S2 Fig. HPX-2 does not contribute to the overall fitness of the worm on E. coli. Survival of
N2 and hpx-2 mutants on (A) E. coli OP50 and (B) heat-killed E. coli OP50. Representative
results from one experiment with an n of approximately 90 worms for each condition are
shown. Median survival and P-values along with replicates are listed in S8 Table.

(PPTX)

S3 Fig. hpx-2 mutants exhibit normal physiological traits. (A) hpx-2 mutant adults have the
same average size and morphology of N2 worms. (B) hpx-2 mutants have comparable pump-
ing rates compared to N2 worms. Py, 2(dgo47) = 0.071, Pppyagk2s2521) = 0.1147, n = 15. (C)
hpx-2 mutants have comparable brood sizes compared to N2 worms. P, »(dgo47) = 0.2430,

n = 9. Error bars represent the SEM, and P-values were calculated via Student’s paired t-test.
Data is representative of three independent replicates.

(PPTX)

$4 Fig. Overexpression of HPX-2 results in susceptibility to E. faecalis. (A) Survival of N2,
hpx-2(dg047), and the strain overexpressing hpx-2 in hpx-2 (dg047) background on E. faecalis
OGIREF. (B) Survival of N2, hpx-2(gk252521), and the strain overexpressing hpx-2 in hpx-2
(gk252521) background on E. faecalis OGIRF. (C) qRT PCR showing the relative log, (fold
change) of hpx-2 gene expression levels in hpx-2(dg047) overexpression (OE) and hpx-2
(gk252521) OE strains compared to N2. The average gene expression of biological triplicates is
shown, and the error bars represent SEM.

(PPTX)

S5 Fig. hpx-2 mutants exhibit normal pharyngeal structure. (A) hpx-2 mutants have normal
pharyngeal structure compared to N2 worms by light microscopy. Images are representative of
>100 N2, hpx-2(dg047) and hpx-2(gk252521) worms observed. (B) hpx-2 mutants have normal
pharyngeal structure compared to N2 worms by transmission electron microscopy. Shown are
example cross-sections corresponding to the regions marked in the pharyngeal diagram.
Images are representative of >50 N2 and hpx-2(dg047), worms observed.

(PPTX)

S6 Fig. Amplex red assay of N2 and hpx-2(dg047) mutant. Worms were grown to L4 stage
and exposed to E. coli OP50 or E. faecalis OGIRF for 16 hours at 25°C. The amount of H,0,
were then measured with or without exposure to 80mM diphenyleneiodinium chloride (DPI).
Error bars represent the SEM and P-values were calculated via Student’s paired t-test. Data is
representative of three independent replicates.

(PPTX)

S7 Fig. Sequences of N2 and hpx-2(R372A) mutant (hpx-2(syb782)). The mutated nucleo-
tide and resulting amino acid are labeled in red.
(PPTX)

S1 Table. Genes that are significantly changed in hpx-2 mutant compared to N2 when
exposed to E. coli OP50.
(XLSX)

$2 Table. Genes that are significantly changed in hpx-2 mutant compared to N2 when
exposed to E. faecalis OG1RF.
(XLSX)

S3 Table. Genes that are significantly changed in N2 worms when exposed to E. faecalis
OGI1RF compared to E. coli OP50.
(XLSX)
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$4 Table. Genes that are significantly changed in hpx-2 worms when exposed to E. faecalis
OGI1RF compared to E. coli OP50.
(XLSX)

S5 Table. Strains used in this study.
(XLSX)

S6 Table. Oligos used in this study.
(XLSX)

S7 Table. Primers used in qRT-PCR.
(XLSX)

S8 Table. Median survival and P-values in killing assays.
(XLSX)

Acknowledgments

We acknowledge the Caenorhabditis Genetics Center, which is funded by the National Insti-
tutes of Health (NIH) National Center for Research Resources, for C. elegans strains. We thank
David Reiner and his lab at TAMSHC Institute of Biosciences &Technology and Swathi Arur
and her lab at MD Anderson Cancer Center for providing CRISPR-Cas9 constructs and help-
ful advice. We also thank Natasha Kirienko and her lab at Rice University for providing the
dsRed labeled PA14 strain. We thank S. Kolodziej and P. Navarro for sectioning samples for
TEM. Finally, we thank WormBase for providing a variety of helpful resources.

Author Contributions

Conceptualization: Danielle A. Garsin.

Data curation: Yi Liu.

Formal analysis: Yi Liu.

Funding acquisition: Danielle A. Garsin.
Investigation: Yi Liu, Karan Gautam Kaval.
Methodology: Yi Liu, Ambro van Hoof, Danielle A. Garsin.
Software: Ambro van Hoof.

Supervision: Ambro van Hoof, Danielle A. Garsin.
Validation: Yi Liu.

Visualization: Yi Liu.

Writing - original draft: Yi Liu.

Writing - review & editing: Karan Gautam Kaval, Ambro van Hoof, Danielle A. Garsin.

References

1. Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nature reviews Immunology. 2004; 4
(8):181-9. https://doi.org/10.1038/nri1312 PMID: 15039755.

2. RadaB, Lekstrom K, Damian S, Dupuy C, Leto TL. The Pseudomonas toxin pyocyanin inhibits the dual
oxidase-based antimicrobial system as it imposes oxidative stress on airway epithelial cells. Journal of

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007944  January 29, 2019 22/25


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007944.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007944.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007944.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007944.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007944.s015
https://doi.org/10.1038/nri1312
http://www.ncbi.nlm.nih.gov/pubmed/15039755
https://doi.org/10.1371/journal.pgen.1007944

@.PLOS ‘ GENETICS

HPX-2 Protects C. elegans

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

immunology (Baltimore, Md: 1950). 2008; 181(7):4883—-93. Epub 2008/09/20. 181/7/4883 [pii]. PMID:
18802092.

Klebanoff SJ. Myeloperoxidase: friend and foe. Journal of leukocyte biology. 2005; 77(5):598—625.
https://doi.org/10.1189/jlb.1204697 PMID: 15689384.

Conner GE, Salathe M, Forteza R. Lactoperoxidase and hydrogen peroxide metabolism in the airway.
American journal of respiratory and critical care medicine. 2002; 166(12 Pt 2):S57—61. https://doi.org/
10.1164/rccm.2206018 PMID: 12471090.

Forteza R, Salathe M, Miot F, Forteza R, Conner GE. Regulated hydrogen peroxide production by Duox
in human airway epithelial cells. American journal of respiratory cell and molecular biology. 2005; 32
(5):462-9. https://doi.org/10.1165/rcmb.2004-03020C PMID: 15677770.

Geiszt M, Witta J, Baffi J, Lekstrom K, Leto TL. Dual oxidases represent novel hydrogen peroxide
sources supporting mucosal surface host defense. Faseb J. 2003; 17(11):1502—4. https://doi.org/10.
1096/fj.02-1104fje PMID: 12824283.

Torres MA, Jones JD, Dangl JL. Reactive oxygen species signaling in response to pathogens. Plant
physiology. 2006; 141(2):373-8. Epub 2006/06/09. https://doi.org/10.1104/pp.106.079467 PMID:
16760490; PubMed Central PMCID: PMCPMC1475467.

Chavez V, Mohri-Shiomi A, Garsin DA. Ce-Duox1/BLI-3 generates reactive oxygen species as a protec-
tive innate immune mechanism in Caenorhabditis elegans. Infection and immunity. 2009; 77(11):4983—
9. https://doi.org/10.1128/IA1.00627-09 PMID: 19687201; PubMed Central PMCID: PMCPMC2772517.

Chavez V, Mohri-Shiomi A, Maadani A, Vega LA, Garsin DA. Oxidative stress enzymes are required for
DAF-16-mediated immunity due to generation of reactive oxygen species by Caenorhabditis elegans.
Genetics. 2007; 176(3):1567—77. https://doi.org/10.1534/genetics.107.072587 PMID: 17483415;
PubMed Central PMCID: PMCPMC1931534.

Edens WA, Sharling L, Cheng G, Shapira R, Kinkade JM, Lee T, et al. Tyrosine cross-linking of extracel-
lular matrix is catalyzed by Duox, a multidomain oxidase/peroxidase with homology to the phagocyte
oxidase subunit gp91phox. J Cell Biol. 2001; 154(4):879-91. https://doi.org/10.1083/jcb.200103132
PMID: 11514595.

McCallum KC, Garsin DA. The Role of Reactive Oxygen Species in Modulating the Caenorhabditis ele-
gans Immune Response. PLoS pathogens. 2016; 12(11):e1005923. https://doi.org/10.1371/journal.
ppat.1005923 PMID: 27832190; PubMed Central PMCID: PMCPMC5104326.

van der Hoeven R, Cruz MR, Chavez V, Garsin DA. Localization of the Dual Oxidase BLI-3 and Charac-
terization of Its NADPH Oxidase Domain during Infection of Caenorhabditis elegans. PloS one. 2015;
10(4):e0124091. https://doi.org/10.1371/journal.pone.0124091 PMID: 25909649; PubMed Central
PMCID: PMCPMC4409361.

Thein MC, Winter AD, Stepek G, McCormack G, Stapleton G, Johnstone IL, et al. Combined extracellu-
lar matrix cross-linking activity of the peroxidase MLT-7 and the dual oxidase BLI-3 is critical for post-
embryonic viability in Caenorhabditis elegans. The Journal of biological chemistry. 2009; 284
(26):17549-63. Epub 2009/05/02. M900831200 [pii] https://doi.org/10.1074/jbc.M900831200 PMID:
19406744.

Tiller GR, Garsin DA. The SKPO-1 Peroxidase Functions in the Hypodermis to Protect Caenorhabditis
elegans From Bacterial Infection. Genetics. 2014; 197(2):515-26. https://doi.org/10.1534/genetics.113.
160606 PMID: 24621828; PubMed Central PMCID: PMC4063911.

Garigan D, Hsu AL, Fraser AG, Kamath RS, Ahringer J, Kenyon C. Genetic analysis of tissue aging in
Caenorhabditis elegans: a role for heat-shock factor and bacterial proliferation. Genetics. 2002; 161
(3):1101-12. PMID: 12136014.

Tiller GR, Garsin DA. Of Worms and Men: HLH-30 and TFEB Regulate Tolerance to Infection. Immu-
nity. 2014; 40(6):857-8. https://doi.org/10.1016/j.immuni.2014.06.002 PMID: 24950206.

Herndon LA, Crocker C, Hall DH, Altun Z. Pharynx Atlas. Wormatlas. 2012. https://doi.org/10.3908/
wormatlas.7.1

Albertson DG, Thomson JN. The pharynx of Caenorhabditis elegans. Philosophical transactions of the
Royal Society of London Series B, Biological sciences. 1976; 275(938):299-325. Epub 1976/08/10.
8805. https://doi.org/10.1098/rstb.1976.0085 PMID: 8805

Hall DH, Hedgecock EM. Kinesin-related gene unc-104 is required for axonal transport of synaptic vesi-
clesin C. elegans. Cell. 1991; 65(5):837—47. Epub 1991/05/31. PMID: 1710172.

Kage-Nakadai E, Kobuna H, Kimura M, Gengyo-Ando K, Inoue T, Arai H, et al. Two very long chain
fatty acid acyl-CoA synthetase genes, acs-20 and acs-22, have roles in the cuticle surface barrier in
Caenorhabditis elegans. PloS one. 2010; 5(1):e8857. Epub 2010/01/30. https://doi.org/10.1371/journal.
pone.0008857 PMID: 20111596; PubMed Central PMCID: PMCPMC2810326.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007944  January 29, 2019 23/25


http://www.ncbi.nlm.nih.gov/pubmed/18802092
https://doi.org/10.1189/jlb.1204697
http://www.ncbi.nlm.nih.gov/pubmed/15689384
https://doi.org/10.1164/rccm.2206018
https://doi.org/10.1164/rccm.2206018
http://www.ncbi.nlm.nih.gov/pubmed/12471090
https://doi.org/10.1165/rcmb.2004-0302OC
http://www.ncbi.nlm.nih.gov/pubmed/15677770
https://doi.org/10.1096/fj.02-1104fje
https://doi.org/10.1096/fj.02-1104fje
http://www.ncbi.nlm.nih.gov/pubmed/12824283
https://doi.org/10.1104/pp.106.079467
http://www.ncbi.nlm.nih.gov/pubmed/16760490
https://doi.org/10.1128/IAI.00627-09
http://www.ncbi.nlm.nih.gov/pubmed/19687201
https://doi.org/10.1534/genetics.107.072587
http://www.ncbi.nlm.nih.gov/pubmed/17483415
https://doi.org/10.1083/jcb.200103132
http://www.ncbi.nlm.nih.gov/pubmed/11514595
https://doi.org/10.1371/journal.ppat.1005923
https://doi.org/10.1371/journal.ppat.1005923
http://www.ncbi.nlm.nih.gov/pubmed/27832190
https://doi.org/10.1371/journal.pone.0124091
http://www.ncbi.nlm.nih.gov/pubmed/25909649
https://doi.org/10.1074/jbc.M900831200
http://www.ncbi.nlm.nih.gov/pubmed/19406744
https://doi.org/10.1534/genetics.113.160606
https://doi.org/10.1534/genetics.113.160606
http://www.ncbi.nlm.nih.gov/pubmed/24621828
http://www.ncbi.nlm.nih.gov/pubmed/12136014
https://doi.org/10.1016/j.immuni.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24950206
https://doi.org/10.3908/wormatlas.7.1
https://doi.org/10.3908/wormatlas.7.1
https://doi.org/10.1098/rstb.1976.0085
http://www.ncbi.nlm.nih.gov/pubmed/8805
http://www.ncbi.nlm.nih.gov/pubmed/1710172
https://doi.org/10.1371/journal.pone.0008857
https://doi.org/10.1371/journal.pone.0008857
http://www.ncbi.nlm.nih.gov/pubmed/20111596
https://doi.org/10.1371/journal.pgen.1007944

@.PLOS ‘ GENETICS

HPX-2 Protects C. elegans

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kirienko NV, Kirienko DR, Larkins-Ford J, Wahlby C, Ruvkun G, Ausubel FM. Pseudomonas aerugi-
nosa disrupts Caenorhabditis elegans iron homeostasis, causing a hypoxic response and death. Cell
Host Microbe. 2013; 13(4):406—16. Epub 2013/04/23. https://doi.org/10.1016/j.chom.2013.03.003
PMID: 236011083; PubMed Central PMCID: PMCPMC3641844.

Ortiz de Montellano PR. Mechanism and role of covalent heme binding in the CYP4 family of P450
enzymes and the mammalian peroxidases. Drug Metab Rev. 2008; 40(3):405—26. https://doi.org/10.
1080/03602530802186439 PMID: 18642140.

Meitzler JL, Ortiz de Montellano PR. Caenorhabditis elegans and human dual oxidase 1 (DUOX1) "per-
oxidase" domains: insights into heme binding and catalytic activity. The Journal of biological chemistry.
2009; 284(28):18634—43. Epub 2009/05/23. M109.013581 [pii] https://doi.org/10.1074/jbc.M109.
013581 PMID: 19460756.

Meitzler JL, Ortiz de Montellano PR. Structural stability and heme binding potential of the truncated
human dual oxidase 2 (DUOX2) peroxidase domain. Archives of biochemistry and biophysics. 2011;
512(2):197-203. https://doi.org/10.1016/j.abb.2011.05.021 PMID: 21704604; PubMed Central PMCID:
PMC3139011.

Zamocky M, Jakopitsch C, Furtmuller PG, Dunand C, Obinger C. The peroxidase-cyclooxygenase
superfamily: Reconstructed evolution of critical enzymes of the innate immune system. Proteins. 2008;
72(2):589-605. https://doi.org/10.1002/prot.21950 PMID: 18247411.

Stampler J, Bellei M, Soudi M, Gruber C, Battistuzzi G, Furtmuller PG, et al. Manipulating the proximal
triad His-Asn-Arg in human myeloperoxidase. Archives of biochemistry and biophysics. 2011; 516
(1):21-8. Epub 2011/10/05. https://doi.org/10.1016/j.abb.2011.09.007 PMID: 21967851.

McKay SJ, Johnsen R, Khattra J, Asano J, Baillie DL, Chan S, et al. Gene expression profiling of cells,
tissues, and developmental stages of the nematode C. elegans. Cold Spring Harb Symp Quant Biol.
2003; 68:159-69. Epub 2004/09/02. PMID: 15338614.

O’Rourke D, Baban D, Demidova M, Mott R, Hodgkin J. Genomic clusters, putative pathogen recogni-
tion molecules, and antimicrobial genes are induced by infection of C. elegans with M. nematophilum.
Genome Res. 2006; 16(8):1005—16. Epub 2006/07/01. https://doi.org/10.1101/gr.50823006 PMID:
16809667; PubMed Central PMCID: PMCPMC1524860.

Schulenburg H, Boehnisch C. Diversification and adaptive sequence evolution of Caenorhabditis lyso-
zymes (Nematoda: Rhabditidae). BMC Evol Biol. 2008; 8:114. Epub 2008/04/22. https://doi.org/10.
1186/1471-2148-8-114 PMID: 18423043; PubMed Central PMCID: PMCPMC2383907.

Yuen GJ, Ausubel FM. Both live and dead Enterococci activate Caenorhabditis elegans host defense
via immune and stress pathways. Virulence. 2018; 9(1):683-99. https://doi.org/10.1080/21505594.
2018.1438025 PMID: 29436902; PubMed Central PMCID: PMCPMC5955442.

Hunt-Newbury R, Viveiros R, Johnsen R, Mah A, Anastas D, Fang L, et al. High-throughput in vivo anal-
ysis of gene expression in Caenorhabditis elegans. PLoS Biol. 2007; 5(9):e237. Epub 2007/09/14.
https://doi.org/10.1371/journal.pbio.0050237 PMID: 17850180; PubMed Central PMCID:
PMCPMC1971126.

Silhavy TJ, Kahne D, Walker S. The Bacterial Cell Envelope. Cold Spring Harb Perspect Biol. 2010; 2
(5). https://doi.org/10.1101/cshperspect.a0004 14 PMID: 20452953; PubMed Central PMCID:
PMCPMC2857177.

Celniker SE, Dillon LA, Gerstein MB, Gunsalus KC, Henikoff S, Karpen GH, et al. Unlocking the secrets
of the genome. Nature. 2009; 459(7249):927-30. Epub 2009/06/19. https://doi.org/10.1038/459927a
PMID: 19536255; PubMed Central PMCID: PMCPMC2843545.

Simmer F, Moorman C, van der Linden AM, Kuijk E, van den Berghe PV, Kamath RS, et al. Genome-
wide RNAi of C. elegans using the hypersensitive rrf-3 strain reveals novel gene functions. PLoS Biol.
20083; 1(1):E12. https://doi.org/10.1371/journal.pbio.0000012 PMID: 14551910.

Dodd W, Tang L, Lone JC, Wimberly K, Wu CW, Consalvo C, et al. A Damage Sensor Associated with
the Cuticle Coordinates Three Core Environmental Stress Responses in Caenorhabditis elegans.
Genetics. 2018; 208(4):1467-82. Epub 2018/03/01. https://doi.org/10.1534/genetics.118.300827
PMID: 29487136; PubMed Central PMCID: PMCPMC5887142.

Levine A, Tenhaken R, Dixon R, Lamb C. H202 from the oxidative burst orchestrates the plant hyper-
sensitive disease resistance response. Cell. 1994; 79(4):583-93. Epub 1994/11/18. PMID: 7954825.

Buchon N, Broderick NA, Poidevin M, Pradervand S, Lemaitre B. Drosophila intestinal response to bac-
terial infection: activation of host defense and stem cell proliferation. Cell Host Microbe. 2009; 5(2):200—
11. Epub 2009/02/17. S1931-3128(09)00028-6 [pii] https://doi.org/10.1016/j.chom.2009.01.003 PMID:
19218090.

Wu S-C, Liao C-W, Pan R-L, Juang J-L. Infection-Induced Intestinal Oxidative Stress Triggers Organ-
to-Organ Immunological Communication in Drosophila. Cell Host & Microbe. 2012; 11(4):410-7.
https://doi.org/10.1016/j.chom.2012.03.004 PMID: 22520468

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007944  January 29, 2019 24/25


https://doi.org/10.1016/j.chom.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23601103
https://doi.org/10.1080/03602530802186439
https://doi.org/10.1080/03602530802186439
http://www.ncbi.nlm.nih.gov/pubmed/18642140
https://doi.org/10.1074/jbc.M109.013581
https://doi.org/10.1074/jbc.M109.013581
http://www.ncbi.nlm.nih.gov/pubmed/19460756
https://doi.org/10.1016/j.abb.2011.05.021
http://www.ncbi.nlm.nih.gov/pubmed/21704604
https://doi.org/10.1002/prot.21950
http://www.ncbi.nlm.nih.gov/pubmed/18247411
https://doi.org/10.1016/j.abb.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21967851
http://www.ncbi.nlm.nih.gov/pubmed/15338614
https://doi.org/10.1101/gr.50823006
http://www.ncbi.nlm.nih.gov/pubmed/16809667
https://doi.org/10.1186/1471-2148-8-114
https://doi.org/10.1186/1471-2148-8-114
http://www.ncbi.nlm.nih.gov/pubmed/18423043
https://doi.org/10.1080/21505594.2018.1438025
https://doi.org/10.1080/21505594.2018.1438025
http://www.ncbi.nlm.nih.gov/pubmed/29436902
https://doi.org/10.1371/journal.pbio.0050237
http://www.ncbi.nlm.nih.gov/pubmed/17850180
https://doi.org/10.1101/cshperspect.a000414
http://www.ncbi.nlm.nih.gov/pubmed/20452953
https://doi.org/10.1038/459927a
http://www.ncbi.nlm.nih.gov/pubmed/19536255
https://doi.org/10.1371/journal.pbio.0000012
http://www.ncbi.nlm.nih.gov/pubmed/14551910
https://doi.org/10.1534/genetics.118.300827
http://www.ncbi.nlm.nih.gov/pubmed/29487136
http://www.ncbi.nlm.nih.gov/pubmed/7954825
https://doi.org/10.1016/j.chom.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19218090
https://doi.org/10.1016/j.chom.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22520468
https://doi.org/10.1371/journal.pgen.1007944

@.PLOS ‘ GENETICS

HPX-2 Protects C. elegans

39.
40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Hope IA. C. elegans A Practical Approach. Hames BD, editor. Oxford: Oxford University Press; 1999.

Ward JD. Rapid and precise engineering of the Caenorhabditis elegans genome with lethal mutation
co-conversion and inactivation of NHEJ repair. Genetics. 2015; 199(2):363-77. Epub 2014/12/11.
https://doi.org/10.1534/genetics.114.172361 PMID: 25491644; PubMed Central PMCID:
PMCPMC4317648.

Kage-Nakadai E, Kobuna H, Funatsu O, Otori M, Gengyo-Ando K, Yoshina S, et al. Single/low-copy
integration of transgenes in Caenorhabditis elegans using an ultraviolet trimethylpsoralen method.
BMC Biotechnol. 2012; 12:1. https://doi.org/10.1186/1472-6750-12-1 PMID: 22217006; PubMed Cen-
tral PMCID: PMCPMC3262153.

Garsin DA, Sifri CD, Mylonakis E, Qin X, Singh KV, Murray BE, et al. A simple model host for identifying
Gram-positive virulence factors. Proceedings of the National Academy of Sciences of the United States
of America. 2001; 98(19):10892—7. https://doi.org/10.1073/pnas.191378698 PMID: 11535834; PubMed
Central PMCID: PMCPMC58570.

Garsin DA, Villanueva JM, Begun J, Kim DH, Sifri CD, Calderwood SB, et al. Long-lived C. elegans daf-
2mutants are resistant to bacterial pathogens. Science (New York, NY). 2003; 300(5627):1921. https://
doi.org/10.1126/science.1080147 PMID: 12817143.

Powell JR, Ausubel FM. Models of Caenorhabditis elegans infection by bacterial and fungal pathogens.
Methods in molecular biology (Clifton, NJ). 2008; 415:403—27. Epub 2008/03/29. https://doi.org/10.
1007/978-1-59745-570-1_24 PMID: 18370168.

Cruz MR, Graham CE, Gagliano BC, Lorenz MC, Garsin DA. Enterococcus faecalis inhibits hyphal mor-
phogenesis and virulence of Candida albicans. Infection and immunity. 2013; 81(1):189-200. Epub
2012/11/02. 1A1.00914-12 [pii] https://doi.org/10.1128/IA1.00914-12 PMID: 23115035.

Moribe H, Yochem J, Yamada H, Tabuse Y, Fujimoto T, Mekada E. Tetraspanin protein (TSP-15) is
required for epidermal integrity in Caenorhabditis elegans. Journal of cell science. 2004; 117(Pt
22):5209-20. Epub 2004/09/30. https://doi.org/10.1242/jcs.01403 PMID: 15454573.

van der Hoeven R, McCallum KC, Cruz MR, Garsin DA. Ce-Duox1/BLI-3 Generated Reactive Oxygen
Species Trigger Protective SKN-1 Activity via p38 MAPK Signaling during Infection in C. elegans. PLoS
pathogens. 2011; 7(12):e1002453. Epub 2012/01/05. https://doi.org/10.1371/journal.ppat.1002453
PPATHOGENS-D-11-01013 [pii]. PMID: 22216003.

Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics.
2009; 25(9):1105-11. https://doi.org/10.1093/bioinformatics/btp120 PMID: 19289445; PubMed Central
PMCID: PMCPMC2672628.

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al. Transcript assembly and
quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentia-
tion. Nature biotechnology. 2010; 28(5):511-5. Epub 2010/05/04. https://doi.org/10.1038/nbt. 1621
PMID: 20436464; PubMed Central PMCID: PMCPMC3146043.

Huang DW, Sherman BT, Tan Q, Collins JR, Alvord WG, Roayaei J, et al. The DAVID Gene Functional
Classification Tool: a novel biological module-centric algorithm to functionally analyze large gene lists.
Genome Biol. 2007; 8(9):R183. Epub 2007/09/06. https://doi.org/10.1186/gb-2007-8-9-r183 PMID:
17784955; PubMed Central PMCID: PMCPMC2375021.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007944  January 29, 2019 25/25


https://doi.org/10.1534/genetics.114.172361
http://www.ncbi.nlm.nih.gov/pubmed/25491644
https://doi.org/10.1186/1472-6750-12-1
http://www.ncbi.nlm.nih.gov/pubmed/22217006
https://doi.org/10.1073/pnas.191378698
http://www.ncbi.nlm.nih.gov/pubmed/11535834
https://doi.org/10.1126/science.1080147
https://doi.org/10.1126/science.1080147
http://www.ncbi.nlm.nih.gov/pubmed/12817143
https://doi.org/10.1007/978-1-59745-570-1_24
https://doi.org/10.1007/978-1-59745-570-1_24
http://www.ncbi.nlm.nih.gov/pubmed/18370168
https://doi.org/10.1128/IAI.00914-12
http://www.ncbi.nlm.nih.gov/pubmed/23115035
https://doi.org/10.1242/jcs.01403
http://www.ncbi.nlm.nih.gov/pubmed/15454573
https://doi.org/10.1371/journal.ppat.1002453
http://www.ncbi.nlm.nih.gov/pubmed/22216003
https://doi.org/10.1093/bioinformatics/btp120
http://www.ncbi.nlm.nih.gov/pubmed/19289445
https://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
https://doi.org/10.1186/gb-2007-8-9-r183
http://www.ncbi.nlm.nih.gov/pubmed/17784955
https://doi.org/10.1371/journal.pgen.1007944

