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Abstract The interrelationship between endogenous microbiota, the immune system, and tissue
regeneration is an area of intense research due to its potential therapeutic applications. We
investigated this relationship in Schmidtea mediterranea, a model organism capable of
regenerating any and all of its adult tissues. Microbiome characterization revealed a high
Bacteroidetes to Proteobacteria ratio in healthy animals. Perturbations eliciting an expansion of
Proteobacteria coincided with ectopic lesions and tissue degeneration. The culture of these
bacteria yielded a strain of Pseudomonas capable of inducing progressive tissue degeneration.
RNAI screening uncovered a TAK1 innate immune signaling module underlying compromised tissue
homeostasis and regeneration during infection. TAK1/MKK/p38 signaling mediated opposing
regulation of apoptosis during infection versus normal tissue regeneration. Given the complex role
of inflammation in either hindering or supporting reparative wound healing and regeneration, this
invertebrate model provides a basis for dissecting the duality of evolutionarily conserved
inflammatory signaling in complex, multi-organ adult tissue regeneration.

DOI: 10.7554/eLife.16793.001

Introduction
Host and resident microorganism interactions are not only integral to the maintenance of normal
physiological functions, but also to the development of pathology. Microbial dysbiosis, for example,
underlies persistent inflammatory disorders, chronic non-healing wounds, and scar formation
(Dowd et al., 2008; Price et al., 2009; Carvalho et al., 2012; Scales and Huffnagle, 2013,
Brothers et al., 2015; Shin et al., 2015). Long-term management of these conditions constitutes a
substantial and sharply rising burden on our healthcare system (Sen et al., 2009). Significant evi-
dence spanning a diverse array of organisms and tissues indicates that the immune response can
play a central role in either promoting or hindering wound healing and tissue regeneration
(Eming et al., 2009; Karin and Clevers, 2016). The precise determinants facilitating these diametri-
cally opposed outcomes is an area of intense investigation. As such the development of diverse and
robust model systems capable of elucidating basic molecular mechanisms governing the interplay of
the immune response and tissue regeneration should provide new insights for the design of novel
therapies to combat this rising medical issue (Sen et al., 2009).

Planaria are a classic model system for studying adult wound healing and tissue regeneration
(Reddien et al., 2004). These free living members of the phylum Platyhelminthes contain a persis-
tent pool of adult pluripotent stem cells, termed neoblasts, capable of regenerating all of the tissues
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elLife digest Regeneration, the ability to replace missing or damaged tissue, has fascinated
biologists for years and has inspired a new direction for the medical field. Figuring out how some
animals easily accomplish this while others do not may help us to develop new therapies that
enhance regeneration in humans.

Previous work has indicated that the immune system, which is normally used to defend the body
against bacteria, plays an important but complicated role in regeneration. By studying the
relationships between bacteria, the immune system and regeneration in simple systems, it may be
possible to see how their interactions either support or prevent the replacement of lost tissues.

Flatworms called planaria can regenerate all of their tissues. Arnold et al. have now investigated
what bacteria exist in planaria, how the planarian immune system responds to these bacteria, and
how this response affects regeneration. The results reveal that the two main types of bacteria that
are present in planaria are also found in humans. In fact, conditions that encourage the growth and
spread of one of these types of bacteria (called Proteobacteria, many of which can make humans ill)
damaged the worms and prevented them from regenerating.

Arnold et al. then looked to see if the worms had genes that were similar to human genes that
control the key immune process of inflammation, and found evidence of several such genes.
Reducing the activity levels of these genes enabled worms that had been infected with
Proteobacteria to regenerate again. However, these genes only seem to be responsible for
regeneration when the planaria are infected with bacteria. Thus, planaria could be used as a simple
model to discover how changes in resident bacteria can be detected by the immune system and
affect the ability to regenerate tissues.

Future studies could use planaria to identify even more genes that control regeneration during
infection. Also, since the main types of bacteria in planaria are similar to those in humans, planaria
may help us to learn how animals can properly balance the levels of these bacteria in order to
remain healthy.

DOI: 10.7554/eLife.16793.002

and cell types of the organism (Wagner et al., 2011). Ablation of this population of mitotic cells via
irradiation eliminates regenerative capabilities, resulting in regression of anterior structures and
eventual tissue lysis (Reddien et al., 2005). Development of RNAi methodologies has enabled the
interrogation of genes involved regeneration (Sanchez Alvarado and Newmark, 1999;
Reddien et al., 2005). These studies have informed our understanding of how wound responses, the
recognition of lost tissues, dynamic establishment of positional identity, and activation of appropri-
ate stem cell and differentiation programs all serve to accomplish large-scale complex tissue regen-
eration (Wenemoser and Reddien, 2010; Petersen and Reddien, 2011, Wenemoser et al., 2012,
Scimone et al., 2014). While wounding is the stimulus for regeneration across all organisms studied
to date, its incidence also presents an additional challenge. Disruption of barrier epithelia and expo-
sure of mucosal surfaces poses an increased risk for bacterial invasion of internal tissues. Yet the role
to which, if any, changes in endogenous microbiota or the planarian immune response have in
regeneration is entirely unknown.

The exemplary regenerative capabilities and conservation of multiple immune signaling genes in
planarians make this organism an attractive model for understanding how robust tissue regeneration
capabilities can be balanced with an effective immune response (Peiris et al., 2014). Previous stud-
ies in planaria have uncovered components of the immune system conserved in humans, but absent
from the well-studied innate immunity models of ecdysozoa (e.g., flies and nematodes)
(Abnave et al., 2014). This indicates that planaria can serve as a complement to previously estab-
lished invertebrate models to inform our understanding of the human immune response. While their
potent regenerative capabilities and robust capacity for pathogen clearance render them quite resil-
ient, planaria are not invincible. Planaria reared using traditional static culture methods can exhibit
features of declining health including decreased appetite, loss of motility, dorsal tissue lesions, tissue
degeneration, and lysis. Many of these symptoms can be temporarily alleviated and managed with
antibiotics, suggesting that endogenous bacteria can play an antagonistic role in normal
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regenerative and tissue homeostatic functions. To date much of the planarian immune system and
its potential integration with tissue regenerative processes are still a mystery. Importantly, the com-
position of the planarian microbiome is still unresolved and no direct link between microbiota, the
immune system, and tissue regeneration has been established.

In this study, we investigated the relationship between endogenous microbiota, host response,
and regeneration. We performed deep sequencing of bacterial 16 s rDNA under various perturba-
tions to elucidate the composition and dynamics of the planarian microbiome. Importantly, we found
that transitions in culture conditions or tissue amputation elicited a robust Proteobacteria expansion
that coincided with an increase in the susceptibility of intact worms to develop ectopic tissue lesions.
Isolation and identification of bacteria that expanded during this time yielded a strain of Pseudomo-
nas capable of inducing progressive tissue degeneration that resulted in either total lysis or resolved
to permit regeneration of lost structures. The development of novel low septic culture methods facil-
itated a candidate RNAi screen examining the mediators of this pathological progression in planaria.
We successfully identified a conserved TAK1/MKK/p38 signaling module that both mediated infec-
tion-induced tissue degeneration and specifically impeded regeneration during infection. In situ
phospho-signaling analyses permitted us to identify tissue and cell types that activate p38 signaling
in response to infection, revealing a role in the initiation of localized apoptosis preceding tissue
degeneration. This apoptotic and tissue degeneration response coincided with an immune response
mediated by jun D, an AP-1 family homolog downstream of TAK1 signaling. Finally, while TAK1/
MKK/p38 signaling facilitates apoptosis during infection, it plays a contrasting role in the inhibition
of apoptosis during normal regeneration. Altogether, our study uncovered potential mechanisms by
which immunity and regeneration intersect to mediate distinct tissue regeneration outcomes, and
introduces planarians as the first animal model linking the expansion of endogenous Proteobacteria
to inhibition of complex tissue regeneration via the activation of distinct TAK1/MKK/p38 signaling.

Results

The S. mediterranea microbiome is dynamic and responds to changes in
culture conditions

To increase the scale and efficiency planarian husbandry, we developed a novel recirculation culture
system for co-cultivation of massive numbers of worms. In brief, this system enables the constant
recirculation and UV sanitization of planarian water to mitigate pathogenic levels of bacteria
(Figure 1A). The result is a permissive context for rearing large biomass levels of healthy, fissioning,
lesion-free planarians. Adoption of this culture system offered a unique opportunity to study the
heretofore unknown composition and dynamics of the planarian microbiome. We hypothesized that
bacteria tightly associated with the physiology of healthy worms would be preserved within this
recirculation culture while additional, potentially harmful species may accumulate upon exit to tradi-
tional static culture conditions. Previously, declining worm health within the static culture was rem-
edied by administration of antibiotic. We assayed parallel cohorts of worms transitioned from
recirculation to static culture with or without the antibiotic gentamycin for characterization of the
composition and dynamics of the planarian microbiome (Figure 1A).

We surveyed the endogenous bacteria of the asexual CIW4 lab strain of S. mediterranea via deep
sequencing of the 16 s rDNA variable region (Figure 1—source data 1). As a control, bacteria pres-
ent in the beef liver food source of lab-raised planarians was also analyzed but yielded bacterial lev-
els comparable to negative controls and was not considered further. Initial analysis of the planarian
microbiome revealed as many as 350 distinct species (Table 1), making it more akin to zebrafish
than flies in terms of overall complexity (Lee and Brey, 2013). The most prevalent bacterial phyla
within planaria cultured in the recirculation system was Bacteroidetes (Figure 1—figure supplement
1A). This phylum represents a diverse array of key symbionts that support homeostatic functions in
mammals (Rakoff-Nahoum et al., 2004; Mazmanian et al., 2005, 2008; Alegado et al., 2012). Bac-
teroidetes comprised 78% of the bacterial phyla of planaria from the recirculation system (static cul-
ture day 0), but this proportion declined to 57% after 3 days of static culture (Figure 1B, Figure 1—
figure supplement 1A). Administration of gentamycin exacerbated this effect, reducing Bacteroi-
detes composition to 17%. In the wake of this Bacteroidetes decrease, the proportion of bacteria of
the phylum Proteobacteria steadily increased from 9% to 40-44% upon exit from the recirculation
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Figure 1. The planaria microbiome dynamically responds to changes in culture conditions and regeneration. (A) Diagram of transition of planaria from
recirculation to static culture. (B) Percentage of the phyla Bacteroidetes and Proteobacteria following exit from recirculation culture (* = t-test p<0.05).
(C) Heatmap of the percentage of the top 10 bacterial genera across all the samples of CIW4 strain planaria following release from recirculation culture
in the presence or absence of the antibiotic gentamycin (n = pool of ~30 worms with 2-3 generated 16 s rDNA libraries, independently sequenced
twice). (D) Heatmap of the percentage of the top 18 bacterial genera of amputated head, trunk, and tail fragments during regeneration in comparison
to intact worms (n = pool of 2-16 intact worms or 30-60 fragments for 16 s rDNA library generation). (E) Heatmap of the percentage of the top 5
bacterial genera across the samples of individual wild-type planaria. The heatmap of the genera Vogesella, Chryseobacterium, and Pseudomonas
across wild worm samples are included for reference (n = 1-4 16 s rDNA libraries generated per worm).

DOI: 10.7554/elife.16793.003

The following source data and figure supplement are available for figure 1:

Source data 1. 16 s rDNA sequencing results.

DOI: 10.7554/eLife.16793.004

Figure supplement 1. Analysis of changes in bacterial levels and composition following exit from recirculation culture.

DOI: 10.7554/eLife.16793.005
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Table 1. Distribution of Species reads in CIW4 S. mediterranea.

No. of species (Average) No. of species (Standard deviation)
Sample >1 read >10 reads >100 reads >1 read >10 reads >100 reads
Recirc DO 268.7 85.3 37.5 36.3 13.99 53
D1 -Gent 245.8 79.6 34.2 17.4 5.1 0.8
D1 +Gent 281.8 89.4 41.2 10.8 7.8 2.7
D3 -Gent 368 144 58.8 57.2 28 1.6
D3 +Gent 354.6 126.4 57.2 26.5 14.85 5.8

DOI: 10.7554/elife.16793.006

system (Figure 1B, Figure 1—figure supplement 1A). This phylum comprises a wide variety of
pathogens and increases in its abundance are a hallmark of microbial dysbiosis and pathological
inflammation (Carvalho et al., 2012; Clark et al., 2015; Shin et al., 2015). Thus, transitions in cul-
ture conditions are coincident with shifts in bacterial composition with potential implications for pla-
narian health.

We next analyzed compositional changes amongst the most abundant genera of the planarian
microbiome following removal from the recirculation system (Figure 1C). The most abundant bacte-
rial genera present in recirculation-cultured worms largely belonged to the phylum Bacteroidetes
(Candidatus Amoebophilus, Segetibacter, and Chitinophaga) and declined in relative abundance in
static culture (Figure 1C, Figure 1—figure supplement 1B). The genera Oxalobacter, Rhodoferax,
and Vogesella, belonging to the phylum Proteobacteria, exhibited proportional increases ranging
from 6 to 200 fold in worms transferred to static culture (Figure 1C, Figure 1—figure supplement
1C). Two genera of the phylum Bacteroidetes, Chryseobacterium and Pedobacter, also increased
dramatically after transfer despite the net decrease in the phylum overall. Members of the genus
Chryseobacterium are potential pathogens in immune-compromised individuals and newborns
undergoing prolonged antibiotic treatment (Bloch et al., 1997, Calderon et al., 2011), suggesting
that dramatic shifts in abundance may constitute an opportunistic infection. All of the aforemen-
tioned genera were largely gentamycin sensitive. In contrast, proportional increases of Pseudomonas
in static culture were exacerbated by gentamycin treatment (Figure 1C, Figure 1—figure supple-
ment 1D), consistent with its adept nature to adapt to the selective pressure of antibiotics
(Hoffman et al., 2005; Price et al., 2009). Additionally, accumulation of Delftia, Arthrospira, Eliza-
bethkingia, and Enterobacter was largely gentamycin dependent (Figure 1C). Collectively, these
data suggest that enrichment of a particular cohort of bacterial species may be more conducive to
optimal planarian health and destabilization of this microbiota permits amplification of potentially
harmful species.

Regeneration shifts the composition of the S. mediterranea microbiome
Planaria exhibit a robust capacity to replace and integrate missing tissues through a regenerative
process combining morphogenesis with the remodeling of pre-existing tissues. The extent to which
this process impacts the resident microbiome is heretofore unknown. We transferred worms from
recirculating into static culture conditions and amputated the animals above and below the pharynx
3 days later. To mitigate bacterial bloom after exit from recirculation culture, worms were starved
for 2 weeks prior to transfer and cultured at low density with frequent water changes. Amputated
head, trunk, and tail fragments were separated and 16 s sequences were analyzed at Odpa, 3dpa,
7dpa, and 14dpa. Un-amputated worms were analyzed in parallel as a control (Figure 1—source
data 1).

Analysis of planarian bacterial phyla during regeneration revealed dramatic shifts in composition
that mirrored those seen during the transition from recirculation to static culture (Figure 1—figure
supplement 1A,E). Prolonged starvation and additional water changes successfully mitigated the
Proteobacteria bloom, with Bacteroidetes comprising 75 to 81% of the bacterial phyla of intact
worms and freshly amputated worm fragments on day 0. Three days after amputation, worms exhib-
ited a reciprocal decrease of Bacteroidetes and amplification of Proteobacteria phyla (Figure 1—fig-
ure supplement 1E). In contrast, un-amputated worms cultured in parallel maintained a relative
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Planarian Colony Max Total Query E
source morphology Top 10 sequence hits score score cover value Ident Accession
Sexual strain Large White Hafnia paralvei strain ATCC 29927 16 sribosomal RNA gene, 1991 1991 98% 0 96% NR_116898.1
S2F2 partial sequence
Obesumbacterium proteus strain 42 16 s ribosomal RNA gene, 1932 1932 98% 0 96% NR_025334.1
partial sequence
Hafnia alvei strain JCM 1666 16 s ribosomal RNA gene, partial 1927 1927 98% 0 96% NR_112985.1
sequence
Obesumbacterium proteus strain NCIMB 8771 16 s ribosomal 1927 1927 98% 0 95% NR_116603.1
RNA gene, partial sequence
Hafnia alvei strain ATCC 13337 16 s ribosomal RNA gene, 1917 1917 98% 0 95% NR_044729.2
complete sequence
Ewingella americana strain CIP 81.94 16 s ribosomal RNA gene, 1908 1908 93% 0 97% NR_104925.1
complete sequence
Rouxiella chamberiensis 16 s ribosomal RNA, partial sequence 1881 1881 93% 97% NR_135871.1
Hafnia psychrotolerans strain DJC1-1 16 s ribosomal RNA, 1875 1875 93% 97% NR_134741.1
partial sequence
Serratia liquefaciens strain ATCC 27592 16 s ribosomal RNA 1871 1871 98% 0 95% NR_121703.1
gene, complete sequence
Serratia grimesii strain DSM 30063 16 s ribosomal RNA gene, 1871 1871 98% 0 95% NR_025340.1
partial sequence
Medium Pseudomonas peli strain R-20805 16 s ribosomal RNA gene, 2002 2002 98% 0 97% NR_042451.1
yellowish beige partial sequence
Pseudomonas guineae strain M8 16 s ribosomal RNA gene, 1953 1953 98% 0 96% NR_042607.1
partial sequence
Pseudomonas anguilliseptica strain S 1 16 s ribosomal RNA 1908 1908 98% 0 96% NR_029319.1
gene, partial sequence
Pseudomonas cuatrocienegasensis strain 1N 16 s ribosomal 1897 1897 98% 0 95% NR_044569.1
RNA gene, partial sequence
Pseudomonas pseudoalcaligenes strain Stanier 63 16 s 1868 1868 98% 0 95% NR_037000.1
ribosomal RNA gene, partial sequence
Pseudomonas pseudoalcaligenes strain NBRC 14167 16 s 1866 1866 98% 0 95% NR_113653.1
ribosomal RNA gene, partial sequence
Pseudomonas indoloxydans strain IPL-1 16 s ribosomal RNA 1866 1866 98% 0 95% NR_115922.1
gene, partial sequence
Pseudomonas alcaligenes strain ATCC 14909 16 s ribosomal 1864 1864 98% 0 95% NR_114472.1
RNA gene, partial sequence
Pseudomonas alcaligenes strain NBRC 14159 16 s ribosomal 1864 1864 98% 0 95% NR_113646.1
RNA gene, partial sequence
Pseudomonas composti strain C2 16 s ribosomal RNA gene, 1864 1864 98% 0 95% NR_116992.1
partial sequence
Small Beige Vogesella mureinivorans strain 389 16 s ribosomal RNA gene, 2039 2039 99% 0 97%  NR_104556.1
with circle partial sequence
Vogesella perlucida strain DS-28 16 s ribosomal RNA gene, 2039 2039 99% 0 97% NR_044326.1
partial sequence
Vogesella amnigena strain Npb-02 16 s ribosomal RNA, partial 1967 1967 99% 0 96% NR_137334.1
sequence
Vogesella oryzae strain L3B39 16 s ribosomal RNA gene, partial 1934 1934 99% 0 95% NR_135212.1
sequence
Vogesella lacus strain GR13 16 s ribosomal RNA gene, partial 1895 1895 99% 0 95% NR_116268.1
sequence
Vogesella fluminis strain Npb-07 16 s ribosomal RNA gene, 1890 1890 99% 0 95% NR_109463.1
partial sequence
Vogesella indigofera strain ATCC 19706 16 s ribosomal RNA 1869 1869 99% 0 94%  NR_040800.1
gene, complete sequence
Table 2 continued on next page
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Planarian Colony Max Total Query E
source morphology Top 10 sequence hits score score cover value ldent Accession
Vogesella alkaliphila strain JC141 16 s ribosomal RNA gene, 1862 1862 99% 0 94% NR_108891.1
partial sequence
Gulbenkiania mobilis strain E4FC31 16 s ribosomal RNA gene, 1805 1805 97% 0 94%  NR_042548.1
complete sequence
Gulbenkiania indica strain HT27 16 s ribosomal RNA gene, 1762 1762 97% 0 93% NR_115769.1
partial sequence
Sexual strain  Tiny White Carbophilus carboxidus strain Z-1171 16 s ribosomal RNA gene, 1951 1951 98% 0 96% NR_104931.1
S2F2 complete sequence
Aminobacter aminovorans strain DSM 7048 16 s ribosomal RNA 1951 1951 98% 0 96% NR_025301.1
gene, partial sequence
Aminobacter lissarensis strain CC495 16 s ribosomal RNA gene, 1945 1945 98% 0 96% NR_041724.1
complete sequence
Aminobacter niigataensis strain DSM 7050 16 s ribosomal RNA 1940 1940 98% 0 96% NR_025302.1
gene, partial sequence
Aminobacter aganoensis strain TH-3 16 s ribosomal RNA gene, 1940 1940 98% 0 96% NR_028876.1
partial sequence
Aminobacter anthyllidis strain STM4645 16 s ribosomal 1934 1934 98% 0 96% NR_108530.1
RNA gene, partial sequence
Aminobacter ciceronei strain IMB-1 16 s ribosomal RNA gene, 1929 1929 98% 0 96% NR_041700.1
complete sequence
Mesorhizobium australicum strain WSM2073 16 s ribosomal RNA 1882 1882 94% 0 96% NR_102452.1
gene, complete sequence
Mesorhizobium gingshengii strain CCBAU 33460 16 s ribosomal 1882 1882 94% 0 96%  NR_109565.1
RNA gene, partial sequence
Mesorhizobium shangrilense strain CCBAU 65327 16 s ribosomal 1882 1882 94% 0 96% NR_116163.1
RNA gene, partial sequence
Asexual Small Beige Vogesella perlucida strain DS-28 16 s ribosomal RNA gene, 2167 2167 94% 0 97% NR_044326.1
strain CIW4  with circle partial sequence
Vogesella mureinivorans strain 389 16 s ribosomal RNA gene, 2156 2156 94% 0 97%  NR_104556.1
partial sequence
Vogesella lacus strain GR13 16 s ribosomal RNA gene, partial 2019 2019 95% 0 95% NR_116268.1
sequence
Vogesella oryzae strain L3B39 16 s ribosomal RNA gene, partial 2013 2013 95% 0 95% NR_135212.1
sequence
Vogesella fluminis strain Npb-07 16 s ribosomal RNA gene, 2012 2012 94% 0 95% NR_109463.1
partial sequence
Vogesella indigofera strain ATCC 19706 16 s ribosomal RNA 1989 1989 94% 0 94%  NR_040800.1
gene, complete sequence
Vogesella alkaliphila strain JC141 16 s ribosomal RNA gene, 1980 1980 94% 0 94% NR_108891.1
partial sequence
Gulbenkiania mobilis strain E4AFC31 16 s ribosomal RNA gene, 1884 1884 94% 0 93% NR_042548.1
complete sequence
Pseudogulbenkiania gefcensis strain yH16 16 s ribosomal RNA 1857 1857 95% 0 92% NR_118145.1
gene, partial sequence
Aquaphilus dolomiae strain LMB64 16 s ribosomal RNA gene, 1855 1855 94% 0 93% NR_118538.1
partial sequence
Medium Yellow Chryseobacterium lactis strain KC1864 16 s ribosomal RNA 2017 2017 98% 0 96% NR_126256.1
gene, partial sequence
Chryseobacterium viscerum strain 687B-08 16 s ribosomal RNA 2012 2012 98% 0 95% NR_117206.1
gene, partial sequence
Chryseobacterium tructae strain 1084-08 16 s ribosomal RNA 1995 1995 98% 0 95% NR_108531.1
gene, partial sequence
Chryseobacterium oncorhynchi strain 701B-08 16 s ribosomal 1995 1995 98% 0 95% NR_108481.1
Table 2 continued on next page
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Max Total Query E

Top 10 sequence hits score score cover value ldent Accession

RNA gene, partial sequence

Chryseobacterium ureilyticum strain F-Fue-O4lllaaaa 16 s 1980 1980 98% 0 95% NR_042503.1
ribosomal RNA gene, partial sequence
Chryseobacterium indologenes strain NBRC 14944 1969 1969 98% 0 95% NR_112975.1

16 s ribosomal RNA gene, partial sequence

Chryseobacterium gleum strain NBRC 15054 16 s ribosomal 1967 1967 98% 0 95% NR_113722.1
RNA gene, partial sequence

Chryseobacterium gleum strain CCUG 14555 16 s ribosomal 1967 1967 98% 0 95% NR_042506.1
RNA gene, partial sequence

Chryseobacterium indologenes strain LMG 8337 16 s ribosomal 1964 1964 98% 0 95% NR_042507.1
RNA gene, partial sequence

Chryseobacterium artocarpi strain UTM-3 16 s ribosomal RNA, 1960 1960 98% 0 95% NR_134001.1
partial sequence

Pseudomonas fluorescens Pf0-1 strain Pf0-1 16 s ribosomal RNA, 2242 2242 94% 0 99% NR_102835.1
complete sequence

Pseudomonas koreensis strain Ps 9-14 16 s ribosomal RNA gene, 2220 2220 94% 0 98% NR_025228.1
partial sequence

Pseudomonas reinekei strain MT1 16 s ribosomal RNA gene, 2217 2217  94% 0 98% NR_042541.1
partial sequence

Pseudomonas moraviensis strain 1B4 16 s ribosomal RNA gene, 2215 2215 94% 0 98% NR_043314.1
partial sequence

Pseudomonas vancouverensis strain DhA-51 16 s ribosomal RNA 2215 2215 94% 0 98% NR_041953.1
gene, partial sequence

Pseudomonas helmanticensis strain OHA11 16 s ribosomal RNA 2193 2193 94% 0 98% NR_126220.1
gene, partial sequence

Pseudomonas baetica strain a390 16 s ribosomal RNA gene, 2193 2193 94% 0 98% NR_116899.1
partial sequence

Pseudomonas jessenii strain CIP 105274 16 s ribosomal RNA 2185 2185 94% 0 98% NR_024918.1
gene, partial sequence

Pseudomonas umsongensis strain Ps 3-10 16 s ribosomal RNA 2170 2170 94% 0 98% NR_025227.1
gene, partial sequence

Pseudomonas mucidolens strain NBRC 103159 16 s ribosomal 2167 2167 94% 0 98% NR_114225.1
RNA gene, partial sequence

DOI: 10.7554/eLife.16793.007

abundance of Bacteroidetes until the final 2-week time point. This eventual shift is likely the result of
prolonged static culture conditions. Next, we analyzed proportional changes in the top genera of
intact and regenerating worms. The genera Candidatus Amoebophilus and Segetibacter, both mem-
bers of the phylum Bacteroidetes, decreased in abundance 3 days after amputation (Figure 1D, Fig-
ure 1—figure supplement 1F). In parallel, the genera Acidovorax, Chryseobacterium,
Pseudomonas, Vogesella, and Oxalobacter exhibited transient or sustained increases in regenerating
worm fragments 3 to 7 days after amputation (Figure 1D, Figure 1—figure supplement 1G,H).
Thus, the expansion of Proteobacteria observed in both regeneration and static culture time courses
can be traced to common genera amplified under both conditions.

The microbiomes of wild and lab-raised planaria share many genera

To determine how the bacterial composition of the asexual CIW4 lab strain compared to that of wild
planaria, we performed 16 s sequencing on individual sexual S. mediterranea samples collected from
multiple sites in Sardinia. Negative controls were performed in tandem during sample and library
preparation to exclude contamination from resident lab strains. We succeeded in amplifying and
sequencing 16 s libraries from 5 out of 8 worms covering 2 collection sites (Figure 1—source data
1). Phyla composition varied between individual animals. Proteobacteria was either the most
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abundant (3 out of 5 worms) or the second most abundant (2 out of 5 worms) phyla across all worm
samples (Figure 1T—figure supplement 1I). Bacteroidetes or Firmicutes were the dominant phyla in
the two cases in which Proteobacteria was not the most abundant. These differences in phyla com-
position were also reflected in the most abundant bacterial genera across individuals. The genera in
the highest proportion was Rhodoferax, Lactococcus, Plesiomonas, Giesbergeria, and Candidatus
amoebophilus in worms 1, 2, 3, 4, and 5, respectively (Figure 1E). This level of variation in endoge-
nous bacterial composition amongst individuals is consistent with previous observations in other ani-
mals (Caporaso et al., 2011, Human Microbiome Project Consortium, 2012; Wong et al., 2013).
Furthermore, the phylum Proteobacteria was proportionally higher in wild collected versus lab-
raised worms consistent with observations flies (Wong et al., 2013). Interestingly, we found that the
genera that increased during transitions in culture conditions and regeneration, (Chryseobacterium,
Vogesella, and Pseudomonas), were detectable in wild planaria samples but present at relatively low
levels (Figure 1E, Figure 1—figure supplement 1J).

Despite this heterogeneity in bacterial composition, more bacterial genera were common across
all four worms collected from site#1 in Sardinia than were unique to any individual (Figure 1—figure
supplement 1K). Furthermore, greater than 90% of the bacterial genera detected among all of our
CIW4 lab strain planaria samples were also detected among our wild worm samples (Figure 1—fig-
ure supplement 1L). With respect to wild worms, this level of overlap was ~46%, suggesting that a
significant proportion of bacterial genera is distinct in our wild sexual samples. To determine possi-
ble differences between asexual versus sexual biotypes, we sampled prominent culturable bacteria
from lab raised sexual planaria. We utilized sexual S2F2 genome strain planaria from a fill and drain
culture system that were transitioned to traditional static culture. We detected abundant Vogesella,
Pseudomonas, Aminobacter, and Hafnia bacterial colonies from sexual worms at day 3 of static cul-
ture (Figure 1—figure supplement 1M, Table 2). This limited sampling demonstrates that asexual
and sexual lab cultured planaria have both similar and distinct bacterial composition. Therefore, with
respect to wild sexual bacteria, it is unclear to what extent the observed differences with asexual lab
planaria are attributable to (1) intrinsic microbiome differences between the asexual and sexual bio-
types, (2) region-specific bacterial genera, and/or (3) shifts in genera during lab culture. Importantly,
our analyses demonstrate that the vast majority of genera from CIW4 lab strain planaria are common
to those of wild type sexual worms.

Bacterial blooms observed after removal from recirculation culture or
amputation are due to specific bacterial strains

We quantitated endogenous planarian bacterial levels by either 16 s rDNA gPCR or plating tissue
homogenates onto LB plates. Removal of animals from the recirculation culture system elicited a 17-
fold expansion in 16 s rDNA over three days that was largely mitigated by gentamycin treatment
(Figure 1—figure supplement 1N). Additionally, both removal from the recirculation culture system
and amputation elicited a 2- to 3-log fold increase in score-able bacterial species per worm within 3
days (Figure 1—figure supplement 10,P). Representative colony 16 srDNA amplification and
sequencing revealed that the observed bacterial bloom was dominated by three bacterial species
belonging to the following genera: Vogesella, Chryseobacterium, and Pseudomonas (Figure 2A,
Table 2). The expansion of these bacteria during culture transition was highly reproducible in multi-
ple withdrawals from two independent recirculation culture systems (data not shown). These findings
are consistent with our 16 s rDNA sequencing data showing proportional increases of these genera
within worms upon exit from recirculation culture (Figure 1C, Figure 1—figure supplement 1C,D).
Thus, shifts in microbial composition are coincident with a robust expansion in both absolute bacte-
rial levels and particular bacterial species.

Infection of planaria with emergent bacterial strains yields progressive
tissue degeneration

Following the transition from recirculation to static culture, poorly managed worms are highly sus-
ceptible to the development of dorsal lesions, tissue degeneration, and lysis. This susceptibility can
be exacerbated by increased feedings or temporarily mitigated by antibiotics (Figure 2—figure sup-
plement 1A). We hypothesized the etiology of this tissue degeneration lie in the observed bacterial
bloom upon exit from recirculation system (Figures 1C, 2A, Figure 1—figure supplement 1C,D).
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Figure 2. Bacterial infection compromises planarian tissue homeostasis and regeneration. (A) Bacterial CFU quantification of prevalent bacterial strains

following exit from the recirculation system (n = 4 homogenates from 4 worms per time point, experiment independently repeated > 4 times);

Figure 2 continued on next page
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Vogesella (red), Chryseobacterium (orange), and Pseudomonas (green). (B) Depiction and enumeration of pathological stages following bacterial
infection. Stage 2.5 refers to worms that reach stage 3 but ultimately regenerated anterior structures. (C) Comparison of the effects of infection of 1e8
CFU/ml Vogesella, Chryseobacterium, or Pseudomonas (green) on pathological stage progression over time (n = 15-25, experiment independently
repeated > 3 times). (D) Anti-Pseudomonas antibody staining (green) and DAPI nuclear counterstain (blue) of surface and gut epithelia following
infection (n = 2, experiment independently repeated > 2 times). (E) Histological sections stained with Alcian Blue/ PAS following Pseudomonas infection
(n = 2). (F) Representative images depicting the effects of increasing concentrations of Pseudomonas on regenerating head, trunk, and tail fragments.
Worms were amputated 1 day following infection and images were taken seven days after amputation (n = 5).

DOI: 10.7554/eLife.16793.008

The following figure supplement is available for figure 2:

Figure supplement 1. Effects of bacterial infection on worm tissue homeostasis.

DOI: 10.7554/elife.16793.009

To determine whether this bacteria was sufficient to induce tissue homeostatic defects we intro-
duced emergent Vogesella, Chryseobacterium, or Pseudomonas bacterial strains to planaria water
immediately upon transition to static culture. Worms were infected at a concentration of 1E8 CFU/
ml and washed every 3-4 days for administration of fresh planaria water containing bacteria. This
method of infection lead to a dose dependent increase in endogenous bacterial levels over time
(Figure 2—figure supplement 1B) similar to those observed in the worms following removal from
the recirculation system (Figure 2A). In comparison feeding of bacteria mixed with beef liver paste
elicited an initial spike and steady decline in bacterial levels as previously reported (Abnave et al.,
2014), but the endogenous bacterial levels of control fed worms also increased to match that of bac-
teria fed worms (Figure 2—figure supplement 1C). This expansion of endogenous bacteria compli-
cates analysis and obfuscates effects of tested bacterial strains on host biology. We therefore
utilized supplementation of bacteria directly in planaria water to determine effects on tissue
homeostasis.

In response to infection, worms exhibited pathological defects largely resembling planaria of
declining health in static culture (Figure 2—figure supplement 1A). We categorized the observed
pathologies into the following discrete categories: normal, posterior lesions, anterior lesions, head
regression, partial lysis, and full lysis. Infected worms exhibited a consistent development of tissue
defects over time varying in the rate of progression by bacterial strain (Figure 2—figure supple-
ment 1D). Generally phenotypically normal worms initially developed either posterior or anterior
dorsal lesions, anterior lesions increased in severity to result in full head regression, and worms
exhibiting head regression ultimately initiated full tissue lysis. The notable exception was the inci-
dence of anterior blastema formation and regeneration as opposed to lysis in a subset of Pseudomo-
nas infected worms with regressed heads. These data demonstrate that both the rate of
pathological progression and eventual outcome of the infection in planaria varies by bacterial strain.

We were able to infer a chronological hierarchy and assigned specific stages to the observed pro-
gressive tissue degeneration: Normal = O, Posterior Lesion = 1, Anterior Lesion = 2, Head regression
= 3, Partial Lysis = 4, Full Lysis = 5 (Figure 2B). Worms that regenerated lost anterior structures
were assigned stage 2.5, reflecting tissue restoration following stage 3 head regression (Figure 2B).
Using these stages we plotted tissue degeneration over time, highlighting differential effects of
tested strains on planarian tissue homeostasis (Figure 2C). We chose Pseudomonas for subsequent
analyses based on the following criteria: it offered the opportunity to study loss and regeneration of
tissues during infection, it is the most well studied of the tested strains, and members of this genus
are relevant human pathogens (Driscoll et al., 2007).

Pseudomonas localizes to barrier epithelia during the initial stages of
infection

We used a validated anti-Pseudomonas antibody and histological sections in order to determine tis-
sues likely affected by infection (Figure 2—figure supplement 1E). Initially, Pseudomonas mainly
localized to the barrier epithelia of the worm in the epidermis and intestine (Figure 2D). By 3 days
some Pseudomonas appear to have crossed epithelial barriers and localize to the mesenchyme. In
order to study the effects on the mucosal epithelia, we performed Alcian Blue/ Periodic Acid-Schiff
staining of histological sections following infection (Figure 2E). Infected worms exhibited a gradual
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apical compression of the morphology of outer epithelial cells with a slight distortion in the organiza-
tion of the basement membrane. In the intestine, Pseudomonas infection resulted in a pronounced
lumenal constriction with changes in epithelial organization and morphology over time. Thus, our
data indicate that barrier epithelia represent the initial point of interaction with Pseudomonas and
that sustained exposure to this bacterium results in observable cellular and tissue morphology
changes.

Pseudomonas infection compromises tissue regeneration

Given that Pseudomonas infection progressively compromised tissue homeostasis (Figure 2C,E), we
next determined whether neoblasts and regeneration potential were similarly affected. We analyzed
neoblast levels and distribution using WISH analysis. While infected worms exhibited abundant num-
bers of piwi" neoblasts both prior to and following tissue degeneration, the frequency of neoblasts
within the interior of the animal relative to the periphery appeared to progressively decrease during
infection (Figure 2—figure supplement 1F). To determine how bacterial challenge altered regener-
ation potential, we infected worms with increasing dosages of Pseudomonas and amputated above
and below the pharynx one day after exposure to bacteria. Phenotypic effects on resulting head,
trunk, and tail fragments were documented one week later. Pseudomonas infection inhibited tissue
regeneration of amputated fragments in a dose dependent manner (Figure 2F). Interestingly, we
observed that segments of the worm along the A/P axis had different tolerances for bacterial infec-
tion. Head fragments were the most susceptible, tail fragments exhibited intermediate sensitivity,
and trunk fragments were the most resistant. These data suggest that differences in tissue composi-
tion along the A/P axis and/or the extent of tissue generation versus remodeling required for re-
establishment of the body plan confer resistance or susceptibility to infection. Given its effects on tis-
sue regeneration, we chose the dosage of 2e8 CFU/ml Pseudomonas for subsequent experiments.

Induction of innate immunity genes coincides with Proteobacteria
expansion

To identify the host transcriptional changes underlying shifts in planarian microbial composition, we
conducted RNAseq analyses on worms transferred from recirculation to static culture in the presence
or absence of the antibiotic gentamycin (Figure 3A, Figure 3—source data 1). This transition results
in an increase in absolute bacterial levels characterized by a relative decrease in the phyla Bacteroi-
detes, a proportional increase in the phyla Proteobacteria, and the emergence of newly dominant
bacterial genera and species (Figures 1B,C,2A, Figure 1—figure supplement 1N,O). Clustering of
the 1,218 genes significantly altered relative to static culture at day O revealed transcriptional pat-
terns that were either dependent (clusters 1, 2, 4, 5, 7, 8,and 9) or independent (clusters 3 and 6) of
antibiotic treatment (Figure 3B,C, Figure 3—source data 1). Gene clusters sensitive to antibiotic
treatment could be divided based on up-regulation (clusters 1, 4, 8, 9) or down-regulation (clusters
2, 5,7), and then further subdivided into phases of early (clusters 4 and 7), mid (cluster 8), late (clus-
ters 1 and 5), or sustained (clusters 2 and 9) expression changes. Of particular interest was cluster 1,
consisting of genes upregulated gradually after exit from the recirculation system in the absence of
antibiotic (Figure 3D). This cluster had clear potential enrichment in genes that correlated with
increased bacterial levels over time. Interestingly, this gene cohort contained two transcripts with
homology to peptidoglycan recognition proteins (pgrps), upstream receptors of the IMD pathway in
D. melanogaster. Along with Toll signaling, the IMD pathway represents a conserved branch of the
innate immune system with analogous architecture to the inflammatory signaling pathways in verte-
brates (Panayidou and Apidianakis, 2013). RT/qPCR and WISH analysis confirmed that Pseudomo-
nas infection significantly induced one of these homologous receptors, that we designated pgrp-4
(Figure 3E-G). These data suggest that conserved components of the innate immune and inflamma-
tory signaling pathways may dynamically respond to shifts in the microbial composition in planaria.
This data as well as the established role of this pathway in immunity and apoptosis lead us to take a
candidate based investigation of the role of inflammatory signaling pathways in altered tissue
homeostasis and regeneration during infection.
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Figure 3. Elucidating bacterial contribution to the transcriptional changes underlying the transition of worms from recirculation to static culture
conditions. (A) Diagram depicting comparison of RNAseq samples of planaria following exit from a recirculation culture system in the absence or
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presence of the antibiotic gentamycin (n = 4 replicates each containing 4 planaria). (B) Hierarchical clustering of RNAseq results displaying significant

clusters (1 through 9, y axis). (C) Visualization of gene expression patterns of significant clusters. (D) Differentially expressed annotated genes from
cluster 1 (Day 0 vs Day 4 adj. p-value <0.05). Peptidoglycan recognition protein genes are highlighted in bold. RT and QPCR of (E) pgrp-1 and (F) pgrp-
4 following Pseudomonas infection (n = 3 biological replicates, 3 technical replicates, * = t-test p<0.05). (G) WISH of pgrp-4 following Pseudomonas

infection (n = 5-7).
DOI: 10.7554/eLife.16793.010

The following source data is available for figure 3:

Source data 1. RNAseq analysis of worms during recirculation to static culture transition.

DOI: 10.7554/elife.16793.011

Development of a reduced septic planaria RNAi protocol

The identification of genes modulated by a bacterial infection as well as the appearance of a visibly
score-able progression of tissue degeneration presented an opportunity to elucidate genes mediat-
ing this process via RNAi-mediated genetic interference. Given their low levels of Proteobacteria
and in particular the emergent pathogenic strains we identified (Figures 1B, C, 2A), planaria from
the recirculation culture system presented the greatest opportunity for studying the maximal differ-
ential effect caused by Pseudomonas infection in terms of phenotypic and underlying molecular
responses. However, in order to use these animals and conditions for an RNAi screen to identify
immune response mediators, we needed to devise a way to reduce the bacterial bloom observed
after removal from recirculation culture without using antibiotics (Figure 4—figure supplement 1A).
As we observed in our experiments, the antibiotic gentamycin substantially altered endogenous
microbiota composition, diminishing the phylum Bacteroidetes while enriching for Proteobacteria,
including Pseudomonas itself (Figure 1B,C). Its usage would preclude analysis of phenotypes that
are dependent on dynamic shifts in endogenous microbiota. Additionally, a shared recirculation cul-
ture system precludes the delivery of multiple, distinct dsRNAs to separate experimental cohorts of
planaria.

To overcome these limitations, we developed a unidirectional flow system in which worms were
maintained in multiple individual containers and steadily flushed with fresh planaria water (Figure 4—
figure supplement 1A-C). Culture of planaria under a steady flow rate prevented a 4-log increase in
culturable bacteria levels observed in static conditions following exit from the recirculation culture
system (Figure 4—figure supplement 1D). Additionally, introduction of static worms to flow vessels
resulted in a nearly 2 log reduction in culturable bacterial levels over 5 days (Figure 4—figure sup-
plement 1E), and worms administered 3 feedings of control dsRNA mixed with beef liver paste
maintained levels comparable to those observed in recirculation culture (Figure 4—figure supple-
ment 1F). We conclude from these findings that the unidirectional flow system provides the neces-
sary conditions to systematically carry out an RNAi screen of infection-modulated genes and to
effectively analyze their resulting phenotypes (Figure 4—figure supplement 1A).

RNAI screen uncovers mediators of tissue degeneration in response to
infection

We carried out a candidate gene RNAi screen for mediators of planarian tissue degeneration in
response to infection by focusing on conserved members of the mammalian inflammatory signaling
cascade and the analogous, infection-responsive IMD pathway in Drosophila melanogaster. We iden-
tified 32 homologous genes using reciprocal BLAST of either Homo sapiens or D. melanogaster ref-
erence genes and categorized them with respect to known functions in mediating (activators) or
reducing (inhibitors) signal transduction (Figure 5—source data 1) (Kopp et al., 1999; Mogen-
sen, 2009; Dai et al., 2012; Xie, 2013; Fernando et al., 2014, Herrington and Nibbs, 2016). Addi-
tional genes with roles in regulating apoptosis, bcl2-1 and bcl2-2, and one TIR domain containing
gene, tehao, were also included in our analysis (Luo et al., 2001; Pellettieri et al., 2010). The RNAI
screen was performed in low septic conditions outside of the recirculation culture as follows (Fig-
ure 4). Worms in individual flow vessels were administered 3 dsRNA feedings. Four days after RNAi
treatment, worms were infected with Pseudomonas and ocularly scored for pathological progression
using established criteria (Figure 2B) every 1-3 days over a period of 30 days. Scoring resulted in a
series of 5 to 6 integers representing the state of each worm in the dish for each RNAI condition for
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Figure 4. Diagram depicting workflow and data analysis of an RNAIi screen to identify genes modulating pathological progression. Planaria are

transferred directly from the recirculation system to a flow culture system permitting maintenance of a reduced septic state during dsRNA feedings.
Following 3 RNAI feedings, planaria are removed for infection with Pseudomonas. Observations of pathological stages are recorded every 1 to 3 days,
and planaria are replenished with fresh water containing Pseudomonas every 3 to 4 days. Following enumeration of pathological stages, data for each
day is reduced to an average pathological score and converted to a heat color code. Days for each RNAi condition are aligned in ascending order
along the y-axis of a column. The average score of each column is calculated and used to sort the effects of RNAIi conditions in ascending order along

the x-axis. The result is a heat map visualization ranking the effects of RNAI treatments on the pathological progression in response to bacterial
infection in planarians over time.

DOI: 10.7554/eLife.16793.012

The following figure supplement is available for figure 4:

Figure supplement 1. A novel flow culture method for planarian RNAI in low septic conditions.

DOI: 10.7554/elife.16793.013

each day. By taking the average score of the worms on each day and converting that average to a
color-based scale from blue to red to denote pathological severity, we were able to reduce the com-
plexity of the data to facilitate its visualization. For each RNAi condition, color-coded average scores
for each day were stacked along the y-axis in ascending order from top to bottom forming a column.
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Individual RNAi columns were sorted in ascending order from left to right along the x-axis by their
average column scores. The result was a heatmap that ranked the pathological progression of the
worms following RNAI treatment in order of increasing overall severity over time. Simply stated,
genes in which RNAI treatment reduces pathological progression (presumptive activators) reside left
of the control, while genes in which RNAI treatment enhances pathological progression (presumptive
inhibitors) reside right of the control.

A total of 20/35 tested candidate genes resulted in a significant change (2-WAY ANOVA p<0.05)
in pathological progression following infection relative to unc controls, while 2/35 genes, bcl2-1 and
bcl3-1 aka NFkB-p105, exhibited total lysis prior to infection and were not considered further
(Figure 5A) (Pellettieri et al., 2010; Forsthoefel et al., 2012). Among these, 15/20 significantly
reduced pathological progression while 5/20 significantly enhanced it; we termed these genes acti-
vators and inhibitors, respectively. Interestingly, the homologs of 13/15 activators (mkké-1, mkk4,
p38-1, pgrp-2, tab1-1, jun D, hep, tak1, jnk, pgrp-3, pgrp-1, xiap, pgrp-1) have been previously
shown to be positive regulators of inflammatory or innate immune signaling (Figure 5B, Figure 5—
source data 2). Conversely, the homologs for 4/5 inhibitors (ppé, ppm1b, cyld-1, ppm1a) have been
previously shown to inhibit inflammatory and innate immune signaling (Figure 5B, Figure 5—source
data 2). In the case of the inhibitor traf2-1, the homolog traf2 functions as mediator of inflammatory
signaling, but it appears that the function of this gene in planaria is more akin to traf3, which func-
tions as an inhibitor (Xie, 2013). Overall the data suggest that conserved inflammatory signaling
may be largely responsible for mediating tissue degeneration after bacterial infection.

Our data set also permitted us to track the progression of worms through individual pathological
stages in response to infection. We mapped the percentage of worms that remained lesion free
(stage 0), exhibited head regression (stage 3), fully lysed (stage 5), or regenerated their heads (stage
2.5) onto our average pathological score heatmap (Figure 5C-F). Control worms remained lesion
free for up to 12 days after infection (Figure 5C). RNAI of activators could extend this period up to
20 days. Conversely, RNAI of inhibitors reduced this lesion free period to 6 days. With respect to
head regression (stage 3), RNAI of activators largely delayed the initiation of and the extended the
duration of this stage while RNAI of inhibitors expedited and contracted it (Figure 5D). Following
head regression, control worms began undergoing lysis by day 12, and 100% of worms lysed 27
days following infection (Figure 5E). RNAI of activators delayed and reduced the incidence of lysis
and 100% of mkké-1 and mkk4 RNAi worms survived the entire 30-day duration of our assay. RNAi
of inhibitors induced lysis as early as day 4 with no worms surviving after 9 to 23 days. While the vast
majority of worms eventually lysed with the administered dosage of 2e8 CFU/ml Pseudomonas, a
rare fraction of control worms regenerated their heads by day 23 (Figure 5F). While RNAi of many
activators increased the incidence, frequency, and duration of head regeneration and subsequent
survival during infection, we observed no incidence of head regeneration following RNAi of the
inhibitors ppé, ppm1b, cyld-1 or traf2-1. Amongst activators, mkk4 and mkké RNAi worms had the
highest incidence of head regeneration while p38-1 RNAi had the lowest despite having
a comparable frequency and timing of the initiation of head regression (Figure 5D). In summation,
our RNAI screen has identified genes that play a role in mediating tissue degeneration in response
to infection and reveal distinct effects on the timing and duration of individual stages of pathological
progression.

Combinatorial RNAi uncovers hierarchy of genes mediating tissue
degeneration during bacterial infection in planarians

Our candidate RNAI screen identified cohorts of genes that serve as activators or inhibitors of
the tissue degeneration response to Pseudomonas infection. These opposing phenotypes provided
an opportunity to order these components with respect to their hierarchy in mediating anterior tis-
sue degeneration. We chose 6 activator genes (mkké-1, mkk4, p38-1, jun D, tak1, and jnk) and 3
inhibitor genes (ppm1b, ppé, cyld-1) analogous to core inflammatory and innate immune signaling in
H. sapiens (Figure 6A) (Xue et al., 2007, Mogensen, 2009, Dai et al., 2012, Panayidou and Api-
dianakis, 2013). To order these components we performed combinatorial RNAi experiments and
assayed the resulting effects on anterior tissue degeneration. The dsRNA concentration of the inhibi-
tors was reduced by 50% and balanced with a 50% increase in the concentration of activators. This
allowed us to determine whether simultaneous knock down of activator genes was sufficient to over-
come the sensitized tissue degeneration phenotype from partial knockdown of inhibitors. Worms
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Figure 5. Heatmap depicting results of an RNAI screen for mediators of pathological progression following bacterial infection in planaria. (A) Heatmap
depicting average pathological scores for each RNAI treatment following 2e8 CFU/m| Pseudomonas infection (n = 5-12 worms per condition). Days
Figure 5 continued on next page
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Figure 5 continued

versus average pathological score over time are aligned along the y-, and x- axes, respectively. Unc control sample is indicated by a dashed box. RNAi-
targeted genes that significantly reduce or enhance pathological progression are highlighted in green and red, respectively (2-way ANOVA p<0.05). (B)
Focus on RNAI of genes that result in a significant reduction (activators) or enhancement (inhibitors) or pathological progression. (C-F) Heatmaps
depicting the percentage of worms exhibiting pathological stage (C) O, (D) 3, (E) 5, and (F) 2.5 for each RNA treatment following Pseudomonas
infection. Ordering and significance based on average pathological score over time are maintained for reference.

DOI: 10.7554/elife.16793.014

The following source data is available for figure 5:

Source data 1. Homologous innate immune and inflammatory genes from RNAI screen.

DOI: 10.7554/elife.16793.015

Source data 2. Pathological scores of worms in RNAi screen for mediators of infection induced tissue degeneration.

DOI: 10.7554/elife.16793.016

were analyzed at a tissue degeneration ‘tipping point’ at which point the following occurred:
infected control worms developed anterior lesions (stage 2, Mild), RNAI of single activators resulted
in posterior or no lesions (stage 0-1, None), and RNAI of single inhibitors produced head regression
and/or lysis (stage 3-5, Severe) (Figure 6B). The resulting phenotypic stages of worms given each of
18 combinations of inhibitor and activator dsRNA were analyzed (Figure 6C,D, Figure 6—source
data 1). Median pathological scores were used to order components in an effort to ascertain pheno-
typic outcomes while mitigating changes due to variation in phenotypic penetrance.

After 12 days of infection the median scores of worms given control dsRNA alone, activator
dsRNA mixed with control dsRNA, or inhibitor dsRNA mixed with control dsRNA were 2, 0, and 3 or
4, respectively (Figure 6C,D). Introduction of activator dsRNA in combination with inhibitor dsRNA
yielded clear and largely binary shifts in pathologic bacterial responses. Addition of either mkké-1,
p38-1, tak1, and jnk dsRNA rescued head regression and lysis observed in worms following RNAI of
ppé alone. In contrast, knockdown of ppé in combination with mkk4 phenocopied ppé dsRNA treat-
ment while knockdown with jun D yielded a partial rescue. RNAi of ppm1b in combination with
mkk4, tak1, and jnk phenocopied the bacterial-induced head regression observed in worms with
ppm1b RNAI alone. In contrast, RNAi of ppm1b in combination with mkké-1, p38-1, and jun D res-
cued head regression and phenocopied activator dsRNA treatment alone. Finally, head regression
induced by cyld-1 knockdown alone could be largely rescued by simultaneous knockdown of mkké-1
or p38-1 but not mkk4 or tak1. Curiously, combinatorial knockdown of cyld-1 with jun D or jnk actu-
ally accelerated tissue degeneration suggesting additional roles for these components in other
aspects of tissue homeostasis.

The results of our analyses allowed us to order these components with respect to their roles in
mediating anterior tissue degeneration in response to infection: mkk4, ppé, tak1, jnk, ppm1b, cyld-
1, jun D, mkké-1, and p38-1. Remarkably, the Phenotype Hierarchy of these components is largely
consistent with the TAK1 signaling pathway in humans (Figure 6A,E). Notably, there are some key
distinctions. Given that we did not observe any effects of mkk4 dsRNA when combined with any
inhibitor dsRNA tested, our analysis placed mkk4 either upstream of or lateral to these other compo-
nents with respect to tissue degeneration. Additionally, our analysis placed cyld-1 further down-
stream in the tissue degeneration process relative to its role in signaling in H. sapiens. The
homologous deubiquitinating enzyme CYLD regulates ubiquitin mediated signaling and proteolysis.
It is possible that its position within this Phenotype Hierarchy reflects a role in deubiquitination of
proteins targeted for proteosomal degradation that are downstream of jnk rather than or in addition
to targeting the homolog of the ubiquitin dependent kinase TAK1 (Reiley et al., 2007; Xue et al.,
2007).

While the phenotype hierarchy derived from our combinatorial RNAI analysis is internally consis-
tent and largely resembles the TAK1 signaling pathway in H. sapiens, one must take caution in
extrapolating that this relationship represents the TAK1 signaling pathway in S. mediterranea. Tradi-
tionally, studies in more genetically amenable model organisms have utilized both epistatic analysis
with null alleles to order genes and co-immunoprecipitation to demonstrate protein-protein interac-
tions in the elucidation of signaling pathways. Thus, it remains to be determined to what extent the
Phenotype Hierarchy uncovered here reflects the true S. mediterranea TAK1 signaling cascade.
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Figure 6. Epistatic analysis of activators and inhibitors of planarian pathological progression. (A) Diagram
depicting relevant components of the TAK1 pathway in Homo sapiens. (B) Diagram depicting combinatorial RNAI
experiment and assay of tissue degeneration outcome. (C) Representative images and median pathological stage
of worms following RNAJ treatment with each combination of 6 activators and 3 inhibitors 12 days post
Pseudomonas infection (n = 6-24). (D) Table of phenotypic outcomes following combinatorial RNAJ treatment and
Pseudomonas infection. (E) Diagram depicting phenotypic hierarchy of the mediators of pathological progression
in Schmidtea mediterranea (bold = order is consistent with Homo sapiens TAK1 Pathway).

DOI: 10.7554/¢elife.16793.017

The following source data is available for figure 6:

Source data 1. Pathological scores of worms during combinatorial RNAi analysis.
DOI: 10.7554/elife.16793.018
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Distinct roles of TAK1/MKK/p38 signaling components during
regeneration in the absence or presence of infection

Following the identification of conserved TAK1/MKK/p38 signaling components in the mediation of
tissue degeneration planaria in response to infection, we explored the roles of these components in
amputation-induced regeneration. As previously described, infection with Pseudomonas compro-
mises phenotypic regeneration of lost tissues and remodeling of existing tissues to various extents
and in a dose dependent manner (Figure 2F). We examined the effects of RNAi knockdown of
mkk6-1, mkk4, p38-1, jun D, tak-1, jnk, and ppé on regeneration in the presence or absence of infec-
tion (Figure 7). The concentration of dsRNA for mkké, mkk4, p38-1, jun D, tak-1, jnk was doubled to
increase the phenotypic penetrance while the concentration of dsRNA of ppé was halved to ensure
the absence of any tissue degeneration during the initial period of infection prior to amputation.
RNAI treated worms were infected with Pseudomonas for 2 days and then amputated above and
below the pharynx to generate head, trunk, and tail fragments. Resulting phenotypic tissue regener-
ation was recorded 2 weeks later in comparison to uninfected worms for control and RNAI treated
worms (Figure 7A). For quantitative characterization of RNAI effects, we categorized the resulting
observed phenotypes and reported the proportion of regenerating fragments displaying the follow-
ing: normal regeneration, abnormal regeneration, lesions, tissue regression, and lysis (Figure 7B).

The vast majority of head, trunk, and tail fragments regenerated normally following RNAI of tar-
get genes in the absence of infection (Figure 7A,B). Notably 20% of trunk and tail fragments lysed
after pp6 RNAi and 40-60% of trunk fragments exhibited abnormal regeneration (forked posterior
balstemas) following mkk4 and jnk RNAIi. Knockdown of other positive regulators within this signal-
ing module (mkké-1, p38-1, jun D, and tak1) did not phenocopy these regeneration defects so they
are likely the result of an additional role for jnk. This is consistent with previous studies highlighting
defects in planarian regeneration following jnk RNAi (Almuedo-Castillo et al., 2014; Tejada-
Romero et al., 2015). The relatively minor defects we observed may reflect different extents of jnk
knockdown as the result of direct injection versus feeding of dsRNA.

In contrast to the relative lack regeneration phenotypes observed in the absence of infection,
RNAI effects were much more pronounced in regenerating fragments from infected worms. Overall,
RNAI of the activators largely prevented infection-associated defects in regeneration while RNAi of
the inhibitor ppé exacerbated them (Figure 7A,B). Following infection, 100% of regenerating head
fragments in control worms lysed while RNAi of mkké-1, p38-1, and jnk not only prevented tissue
lysis but re-established normal regeneration for 80% of the fragments. Similarly, RNAi of mkk4, tak1,
and jun D reduced infection-associated defects in head fragment regeneration observed in controls.
RNAI of p38-1 or tak-1 prevented infection-associated regenerative defects in tail fragments while
mkké6-1 or jun D RNAI reduced them. Regenerating trunk fragments were relatively resistant to the
effects of the infection and RNAI of activators could largely reverse the minor defects observed in
controls. Consistent with its role as an inhibitor of TAK1/MKK/p38 signaling, RNAi of ppé exacer-
bated infection-associated defects resulting in lysis of 100%, 60%, and 100% of regenerating head,
trunk, and tail fragments, respectively (Figure 7A,B). These results demonstrate that conserved
TAK1/MKK/p38 signaling components also play a pivotal role in determining regenerative outcomes
induced by amputation during infection in a manner consistent with the positional sensitivity of these
regenerating fragments along the A/P axis.

Identification of an antibody labeling in situ Phospho-p38 signaling in
planaria

WISH analysis of members of the TAK1/MKK/p38 signaling pathway revealed that these components
were expressed in largely overlapping patterns of tissues along the planarian body axis. The most
prominent expression pattern was evident in the planarian gut which was shared in both ordered
activators (tak1, jnk, jun D, mkké-1, and p38-1) and inhibitors (pp6, ppm1b, and cyld-1) (Figure 8A,
Figure 8—figure supplement 1A,B). Weaker staining was also visible in the mesenchymal space
between the gut and the epidermis with a slight anterior enrichment (Figure 8A, Figure 8—figure
supplement 1C). While mRNA analysis is useful in identifying structures competent to respond to
stimulation, it fails to resolve those cells or tissues dynamically responsive to infection. Fortunately,
the phosphorylation-dependent signal transduction of the TAK1/MKK/p38 pathway presented an
opportunity to analyze dynamic activation via phospho-antibody based detection of the downstream
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Figure 7. Effects of planarian pathological progression mediators on regeneration in the presence and absence of infection. (A) Representative images
of regenerating head, trunk, and tail fragments following specified RNAI treatment in the presence or absence of Pseudomonas infection. Worms were
amputated above and below the pharynx 2 days post infection and imaged 14 days post amputation (n = 5, non-lysed fragments shown when present).
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Figure 7 continued

Pseudomonas infection (dark blue = normal regeneration, light blue = abnormal regeneration, green = lesions, orange = tissue regression, red = lysis).
Animals were scored at the same time when representative images were taken at 16dpi 14dpa.
DOI: 10.7554/elife.16793.019

target, p38. The human homolog of the kinase p38 is activated via phosphorylation at Thr180 and
Tyr182, a region highly conserved in planaria (Figure 8—figure supplement 2A) (Han et al., 1994).
We tested one polyclonal and one monoclonal phospho-p38 (Thr180/Tyr182) antibody for reactivity
against the planarian phospho-epitope. UV treatment is a common inducer of P-p38 and western
blot analysis revealed both tested antibodies reacted to an induced band at 45kDa corresponding
to the size of planarian p38 (Figure 8—figure supplement 2B). In situ antibody staining revealed
that both polyclonal and monoclonal antibodies recognized discrete cells above the pharynx
(Figure 8B, Figure 8—figure supplement 2C). Initially tested bleaching treatments that were con-
ducive to WISH protocols yielded high background fluorescence in the epidermis precluding analysis
of reactivity in this peripheral tissue at this point (Figure 8—figure supplement 2C). Treatment with
UV irradiation induced a broad antibody staining pattern throughout the gut, mirroring the localized
expression of the p38-1 transcript (Figure 8A, Figure 8—figure supplement 1A). We utilized the
monoclonal antibody for subsequent analyses since it produced stronger staining.

We tested antibody specificity by determining if RNAi against planarian p38-1 could eliminate the
observed signal (Figure 8—figure supplement 2D). Worms fed beef liver pasted mixed with in vitro
synthesized dsRNA had a relative lack of discrete cell staining near the pharyngeal intestinal border,
while worms fed E.coli producing dsRNA had robust staining in the anterior gut. We found that in
addition to UV irradiation, amputation of worms produced an induction of signal in discrete cells
throughout the gut within 30 min. Under all observed instances of signal induction (E. coli feeding,
amputation, and UV irradiation) we found no detectable staining after p38-1 RNAi (Figure 8—figure
supplement 2D). Thus, we conclude that this antibody specifically recognizes P-p38 in planaria.

P-p38 signaling is dynamically modulated in the gut in response to
infection or injury

Using the characterized P-p38 antibody, we analyzed phospho-signaling in the planarian gut during
infection. Prior to Pseudomonas infection, we observed both P-p38™ cells that co-labeled with gut
marker mat1 as well as P-p38"mat1™ cells adjacent to the gut (Figure 8B,C). P-p38* cells were rela-
tively constant for the first 3 days of infection (Figure 8C). Six days after infection, large nuclear
dense mounds consisting of P-p38* cells could be observed in the anterior lumen of the gut with
more intense lumenal staining also seen in the posterior and regions (Figure 8C, Figure 8—figure
supplement 2E). Eight days after infection the gut appeared more distorted and P-p38 staining had
consolidated to distinct cells throughout the gut (Figure 8C, Figure 8—figure supplement 2E).

We compared the kinetics of P-p38 activation in response to injury versus bacterial infection. We
observed a robust P-p38 staining throughout the interior gut of the head, trunk, and tail fragments
within 5 min of amputation overlapping with lumenal nuclear dense mounds (Figure 8D, Figure 8—
figure supplement 2F, Figure 8—figure supplement 3). Thirty five to sixty minutes after amputa-
tion, signaling coalesced into discrete P-p38* cells throughout the gut of the resulting fragment
(Figure 8D). Double labeling analysis revealed that these P-p38™ cells co-expressed the gut markers
mat1 (low), porc, hnf4, and nkx-2.2 (Gurley et al., 2008; Wagner et al., 2011, Tu et al., 2015)
(Figure 8E). Gut injuries resulting from either lateral incision or needle poke both elicited a similar
but more localized P-p38 activation within 30 min (Note: epidermal staining in lateral wound could
not be distinguished from background) (Figure 8—figure supplement 2G). The amputation induced
P-p38 staining pattern persisted for 24 hr and by one week regenerating worms largely re-estab-
lished the discrete P-p38 staining pattern observed in intact worms (Figure 8D). Quantitative image
analysis confirmed that while infection resulted in an increase in P-p38 fraction volume over time,
amputation induced a sharp increase in both P-p38 fraction volume and average intensity followed
by a gradual decrease (Figure 8F,G).

At present, it is difficult to distinguish the extent to which P-p38 signaling in the gut is directly
activated as a result infection versus indirectly activated by damage resulting from infection. Con-
versely, it is similarly difficult to evaluate the extent to which tissue injury that results in the invasion
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Figure 8. Signaling dynamics in gut tissue during infection and regeneration visualized with a phospho-p38 antibody. (A) Colorimetric WISH of genes
comprising the TAK/MKK/p38 signaling module (n > 3 worms). Combinatorial fluorescent whole mount ISH and immuno-labeling of gut marker mat1
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and phospho-p38 (P-p38) (B) prior to stimulation, (C) following infection with 2e8 CFU/ml Pseudomonas, or (D) after amputation (n = 2-11 worms). (E)
Higher magnification images of P-p38™ cells co-labeled with gut markers mat1, porc, hnf4, and nkx-2.2 following amputation (35-65 mpa). Quantification
of P-p38 (F) Fraction Volume and (G) Average Intensity following infection or amputation (* = t-test p<0.05).

DOI: 10.7554/elife.16793.020

The following figure supplements are available for figure 8:

Figure supplement 1. Co-expression of TAK1/MKK/p38 pathway components.

DOI: 10.7554/eLife.16793.021

Figure supplement 2. Validation of an antibody that recognizes planarian P-p38.

DOI: 10.7554/elife.16793.022

Figure supplement 3. High resolution analysis of P-p38 signaling in gut tissue following amputation.

DOI: 10.7554/elife.16793.023

of bacterial populations normally excluded from internal tissue structures elicits activation of P-p38.
In either case, our data indicate that the downstream kinase of the TAK1/MKK/p38 signaling module
is dynamically modulated in response to infection and/or injury within the planarian gut

P-p38 signaling selectively initiates apoptosis in response to infection
Phospho-signaling analyses revealed that p38 was activated within the planarian gut in response to
infection or injuries. Curiously, RNAi of the inhibitors ppé and cyld-1 did not elicit intense P-p38
staining in the gut of intact worms prior to stimulation or during the first 3 days of infection even
though the appearance of lesions and head regression immediately followed (data not shown). As
previously indicated, initial P-p38 staining experiments utilizing bleaching methods conducive to
WISH elicited background staining in peripheral tissues (Figure 8—figure supplement 2C). Use of
an alternative bleaching solution eliminated background, revealing a previously unresolvable ante-
rior/dorsal enriched mesenchymal/epidermal P-p38 staining pattern that was induced by Pseudomo-
nas infection (Figure 9A, Figure 9—figure supplement 1A,B). P-p38* cells were relatively absent
prior to infection but could be visualized in anterior regions within 24 hr of infection and further
increased in frequency over the next two days. A lower frequency of P-p38™ cells was observed in
the posterior region with little to no signal in the mid body region. This signal represents the earliest
observed P-p38 activation in response to infection in a pattern that overlaps with and precedes the
occurrence of anterior lesions and eventual head regression (Figure 2B). Furthermore, its localization
correlates with the differential sensitivity of regenerating tissue fragments to Pseudomonas infection
(Figure 2F). We analyzed levels of apoptosis in response to Pseudomonas infection and observed a
similar anteriorly biased induction of apoptosis that coincided with P-p38 activation (Figure 9B).

We determined the role of TAK1/MKK/p38 signaling in the observed infection induced apoptosis
with a focus on the anterior region of the worm. We analyzed the results of ectopic induction of this
pathway via RNAI of the negative regulators ppé and cyld-1. RNAI of either of these genes resulted
in elevated numbers of anteriorly biased P-p38* and TUNEL" cells both prior to and following
Pseudomonas infection (Figure 9C-F). Additionally, cyld-1 RNAI resulted in pre-emptive increase in
cell proliferation that mirrored the levels observed in control infected worms (Figure 9—figure sup-
plement 1C,D). These data support a role for TAK1/MKK/p38 signaling in the control of both a gen-
eral proliferative response and an apoptotic response during infection. The frequency of P-p38* cells
was consistently lower than that of TUNEL" cells with only 1-8% overlap depending on RNAI treat-
ment or days post infection (Figure 9E,F, Figure 9—figure supplement 1E, Table 3). Interestingly,
we observed a higher frequency of TUNEL" cells that were proximal to P-p38™ cells (ranging from
12-80%), suggesting a possible extrinsic, rather than an intrinsic role for the mediation of apoptosis
(Figure 9—figure supplement 1F, Table 3).

We next determined whether TAK1/MKK/p38 signaling effects on apoptosis and proliferation
were general or specific to infection. Previous research has demonstrated that tissue amputation
elicits a robust induction of both proliferation and apoptosis (Pellettieri et al., 2010;
Wenemoser and Reddien, 2010). We analyzed the effects of RNAI of both activators and inhibitors
of the TAK1/MKK/p38 pathway on amputated tail fragments in the absence of infection. We
observed no effects of RNAI of any TAK1/MKK/p38 signaling component on the proliferative burst
following amputation (Figure 9—figure supplement 1G). To our surprise, amputation induced
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Figure 9. TAK1/MKK/p38 signaling mediates contrasting regulation of apoptosis in infection versus regeneration. (A) P-p38 staining or (B) TUNEL of
Unc RNAi worms following Pseudomonas infection. Focus on the effects of ppé and cyld-1 RNAi on (C) P-p38 signaling and (D) TUNEL in the anterior
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Figure 9 continued

regions of planaria during Pseudomonas infection. Quantification of RNAI effects on (E) P-p38* and (F) TUNEL" cells in the anterior during infection

(n = 5-9). Confocal images of TUNEL in amputated tail fragments following RNAi of TAK1/MKK/p38 signaling components. RNA| effects assayed at (G)
72 hr or (H) 48 hr post-amputation (two independent experiments). (I, J) Quantification of RNAI effects on corresponding TUNEL experiment (n = 1-7)
(* = t-test p<0.05).

DOI: 10.7554/elife.16793.024

The following figure supplement is available for figure 9:

Figure supplement 1. Effects of TAK1/MKK/p38 signaling on proliferation and apoptosis.
DOI: 10.7554/elLife.16793.025

apoptosis was increased by RNAI of takT or p38-1, and decreased by RNAi of cyld-1 (Figure 9G-J).
This stands in direct contrast to the observed effects of ectopic activation of this pathway in enhanc-
ing infection-induced apoptosis (Figure 9D,F). Interestingly, tak1 and p38-1 rnai worms all exhibited
phenotypically normal regeneration in the absence of infection (Figure 7), suggesting that the
observed enhancement in apoptosis is relatively innocuous during normal regeneration. Overall, our
data indicate that TAK1/MKK/p38 signaling has dual contrasting roles in the control of apoptosis
during either infection or regeneration.

Downstream TAK1 signaling components have a role in the planarian
immune response

We evaluated the potential role of TAK1 signaling pathway homologs in the planarian immune
response. Planaria were infected and maintained in planaria water containing 2e8 CFU/ml Pseudo-
monas without reinfection to assay clearance of the initial bacterial dosage. Subsequent changes in
bacterial levels and tissue degeneration of control and activator/inhibitor RNAi worms were moni-
tored over time. Pseudomonas levels in control RNAi worms increased to ~1e5 CFU/worm by 1 to 3
days and 2e5 CFU/worm by 6 days (Figure 10A-D). During this time worms exhibited no phenotypic
signs of tissue degeneration (Figure 10E). By 12 days post infection, nearly all control worms exhib-
ited head regression or anterior lesions, coincident with a ~80% decrease in Pseudomonas levels per
worm (Figure 10A-E). RNAI of the activator jun D significantly increased bacterial load over time
while RNAi of p38-1 had no overall significant effects on Pseudomonas levels (Figure 10A, B).
Importantly, jun D RNAi worms still exhibited a reduction in bacterial levels from day 6 to day 12,
suggesting that jun D independent immune responses also mediate bacterial clearance
(Abnave et al., 2014). The roles of the inhibitors ppé6 and cyld-1 in the immune response were less
clear as RNAi of either of these components resulted in a non-significant overall increase in

Table 3. Quantitation of overlapping and proximal P-p38 and TUNEL signal.

RNAi Days post % of P-p38 signal overlapping with % of P-p38 signal proximal to
condition infection TUNEL TUNEL
unc 0 1.27 12.66
cyld-1 0 5.78 45.66
ppb 0 4.29 67.86
unc 1 1.16 39.31
cyld-1 1 4.52 62.05
ppbd 1 8.87 79.31
unc 2 1.90 34.29
cyld-1 2 3.48 60.65
ppéd 2 5.73 57.96
unc 3 2.55 4419
cyld-1 3 3.98 54.23
ppé 3 8.29 57.46

DOI: 10.7554/elife.16793.026
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Figure 10. Effects of TAK1 components on the immune response. Bacterial CFU/worm following infection with a single dose of 2e8 CFU/mll
Pseudomonas and RNAI of (A) jun D, (B) p38-1, (C) ppé, or (D) cyld-1 (n = 1-4 pools of 1-4 worms each). (E) Pathological state of individual infected
worms (squares) pooled for bacterial CFU/worm analysis.

DOI: 10.7554/¢elife.16793.027

Pseudomonas over time (Figure 10C,D). We hypothesize that increased basal apoptosis and
induced tissue degeneration in these RNAIi conditions compromises barrier epithelia, leading to a
larger influx of bacteria and complicating analysis of the immune response (Figures 9, 10E).
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These data suggest that the planarian immune response is normally coordinated with but not the
result of induced apoptosis and tissue degeneration. While control RNAi worms exhibit the largest
decrease in Pseudomonas levels following phenotypic tissue degeneration (Figure 10A-E), RNAi of
p38-1 results in an identical reduction of bacterial levels in the absence of phenotypic tissue degen-
eration (Figure 10B,E). Similarly, pp6 and cyld-1 RNAi enhanced tissue degeneration but not bacte-
rial clearance (Figure 10C-E). Thus, Pseudomonas infection induces a jun D and p38-1 dependent
tissue degeneration response in conjunction with a jun D dependent, p38-1 independent immune
response.

Discussion

In this study, we have utilized a combination of novel culture methods, bacterial 16 s rDNA sequenc-
ing, transcriptional profiling, RNAi screening, and in situ phospho-signaling visualization to illustrate
how microbial dysbiosis results in the amplification of pathobionts, compromising tissue homeostasis
and regeneration potential via the activation of TAK1/MKK/p38 signaling. Sequencing of the planar-
ian microbiome revealed a high Bacteroidetes to Proteobacteria ratio in healthy animals. Perturba-
tion such as tissue amputation or changes in culture conditions resulted in a reciprocal contraction of
the Bacteroidetes and an expansion of the Proteobacteria populations. Coincident with these micro-
bial shifts, intact worms displayed increased susceptibility to the development of visible tissue
homeostatic defects. Isolation of emergent bacteria during this period yielded a strain of Pseudomo-
nas which itself was sufficient to induce tissue degeneration in a morphologically stereotypical pro-
gression. Development of novel anti-septic culture methods permitted a candidate RNAi screen
focusing on the role of conserved mediators of innate immunity and inflammation in mediating this
response to infection. We identified TAK1/MKK/p38 signaling components underlying tissue degen-
eration and compromised regeneration capacity during infection. Interestingly, while TAK1/MKK/
p38 signaling enhanced apoptosis during infection, it repressed apoptosis during tissue regenera-
tion in the absence of infection. Additionally, these tissue degeneration responses were independent
of an immune response mediated by jun D, an AP-1 family homolog downstream of TAK1. Taken
together, this study demonstrates that Proteobacteria expansion elicits distinct activation of TAK1/
MKK/p38 signaling which in turn acts as an impediment to complex tissue regeneration.

An invertebrate microbiome with composition and dynamics analogous
to the mammalian lower intestinal tract

This study elucidates the heretofore unknown S. mediterranea microbiome. We observed how micro-
bial composition dynamically shifted in response to changes in culture conditions or during regener-
ation (Figure 1, Figure 1—figure supplement 1). The ratio of Bacteroidetes to Proteobacteria
within the planaria from the recirculation culture system mirrors the distribution of these phyla within
the human lower intestinal tract (Human Microbiome Project Consortium, 2012). This phyla com-
position is not observed in other invertebrate (e.g., C. elegans and D. melanogaster) or even verte-
brate (e.g., D. rerio) model systems that are amenable to large scale genetic screens and have
played a pivotal role in shaping our understanding of immunity and host-microbe interactions
(Apidianakis and Rahme, 2011; Roeselers et al., 2011, Novoa and Figueras, 2012; Lee and Brey,
2013; Wong et al., 2013; Ermolaeva and Schumacher, 2014; Berg et al., 2016). An enrichment in
Bacteroidetes in S. mediterranea is significant, as this phylum represents a diverse array of key sym-
bionts known to support proper tissue homeostasis, the development of the immune system, as well
as the prevention of inflammatory diseases in mammals, and, intriguingly, have even been linked to
the early evolution of multicellular organisms (Rakoff-Nahoum et al., 2004, Mazmanian et al.,
2005, 2008; Alegado et al., 2012). Furthermore, changes in culture conditions or tissue transection
results in an expansion in Proteobacteria, a phenomenon linked to a myriad of human inflammatory
disorders (Frank et al., 2007; Shin et al., 2015). Models studying this phenomenon in subsets of
genetically-altered or aged individuals have proven instrumental in the analysis of the effects of this
expansion, but have been less useful in dissecting factors mediating its causation (Carvalho et al.,
2012; Clark et al., 2015). Our ability to induce shifts in the microbiota of wild type animals, uniquely
positions planaria as a model for the study of the interrelationship between endogenous bacterial
dynamics, tissue homeostasis, and complex tissue regeneration with implications for human health.
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Contribution of the microbiome to tissue homeostasis and regeneration
and its implications for planarian research

Our study has highlighted the impact that the microbiota can have on tissue homeostasis and regen-
eration in planaria. Maintenance and care of planarians using traditional static methods can yield var-
iable bacterial levels and composition over time, potentially influencing experimental outcomes.
Furthermore, prolonged use of antibiotics can lead to the gradual accumulation of resistant patho-
genic strains, such as Pseudomonas. Given that many published phenotypes describing gene knock-
downs mirror some of the observed effects of bacterial infection (Reddien et al., 2005;
Forsthoefel et al., 2012, Labbé et al., 2012; Tu et al., 2012), it will be important to examine the
extent to which alterations in endogenous bacteria or stimulation of immune signaling underlie these
phenotypes. This issue is particularly relevant to the common practice of feeding worms E. coli pro-
ducing dsRNA as a means of gene function interrogation. As we have demonstrated, this method of
RNAI elicits robust P-p38 activation (Figure 8—figure supplement 2E). To mitigate the issues of
inconsistent bacterial composition and variable immune stimulation across experiments, we have
developed an RNAj workflow using recirculation and flow culture systems (Figure 4, Figure 4—fig-
ure supplement 1). Previous screens examining genes involved in planarian regeneration have uti-
lized either static cultured or E. coli fed worms of indeterminate bacterial content. It would be of
interest to employ our novel culture systems to determine whether published phenotypes describing
tissue homeostatic defects similar to those observed in this study have inadvertently uncovered
genes involved in the interplay between the immune system and regeneration.

TAK1/MKK/p38 signaling and the immune system
Our study revealed a distinct role for TAK1/MKK/p38 mediated cellular apoptosis during infection
versus normal regeneration in planaria. Hyper activation of TAK1/MKK/p38 signaling via ppé or cyld-
1 RNAi elevated basal apoptotic rates and increased stem cell proliferation prior to infection
(Figure 9D,F, Figure 9—figure supplement 1C,D). In contrast, TAK1/MKK/p38 signaling repressed
apoptosis during regeneration in the absence of infection (Figure 9G-J). Importantly, tak1, mkké-1,
p38-1, and jun D RNAi worms exhibited phenotypically normal regeneration in the absence of infec-
tion, suggesting that this alteration in apoptosis did not ultimately hinder overall tissue morphogene-
sis and remodeling (Figure 7). It is unclear at this point whether these divergent outcomes of TAK1/
MKK/p38 signaling are the result of unique co-stimulation or the activation of discrete cell types
induced during infection versus amputation. Nevertheless, our study provides further evidence that
TAK1/MKK/p38 signaling is multifaceted and can play supportive or antagonistic roles in tissue
regeneration (Zarubin and Han, 2005; Cuenda and Rousseau, 2007; Karin and Clevers, 2016).
The role of TAK1/MKK/p38 in apoptosis during infection is not unique to planaria. In C. elegans,
oral Pseudomonas infection initiates programmed cell death of gonadal cells in a p38-dependent
manner (Aballay and Ausubel, 2001). In Drosophila, oral infection induces p38-mediated production
of reactive oxygen species (ROS), damaging gut epithelia, and triggering intestinal stem cell activa-
tion (Buchon et al., 2009; Ha et al., 2009). Interestingly, attenuation of TAK1/MKK/p38 signaling in
nematodes and flies largely compromises host survival to infection, but substantially enhances host
survival in planaria (Figure 5) (Kim et al., 2002; Buchon et al., 2009; Chen et al., 2010). One expla-
nation is that the persistence of a population of adult pluripotent stem cells capable of regenerating
all missing tissues uniquely endows planaria with a resilience to somatic tissue damage. Planaria may
utilize TAK1 innate immune signaling for a coordinate mounting of antibacterial responses while
actively clearing infected tissue via apoptosis prior to the initiation of regeneration. Under our sus-
tained infection protocol, pathogen levels were constantly maintained, resulting in failure of com-
plete bacterial clearance and continuous TAK1/MKK/p38 mediated apoptosis. Once this level of
tissue turnover outpaces the ability of neoblasts to replace these cells, tissue homeostasis and
regeneration capabilities are compromised. Under this context attenuation of infection-induced
TAK1/MKK/p38 signaling rescued tissue degeneration and restored regenerative potential.

A case of tissue regeneration during chronic infection

The management and care of chronic non-healing wounds poses a substantial and sharply rising bur-
den to our healthcare system and economy (Sen et al., 2009). Of interest is the observation that pla-
naria are capable of resolving tissue degenerative wounds induced by sustained Pseudomonas
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infection and regenerating lost anterior structures (Figure 2C, Figure 2—figure supplement 1D).
Antibiotic resistant Pseudomonas is increasing in prevalence in chronic wounds and poses an impedi-
ment to effective healing (Dowd et al., 2008, Fazli et al., 2009, Price et al., 2009,
Goldufsky et al., 2015). Further research is needed for the development of treatments by which to
effectively manage infection and tissue repair. Limited regenerative capabilities combined with the
severe lethality of Pseudomonas infection has precluded the study of this phenomenon in other
model systems (Kim et al., 2002; Vodovar et al., 2005). In contrast, results from our RNAi screen
have already indicated that mkk4 and mkké-1 may play a role in inhibiting this post-infection regen-
eration in a p38-1 independent manner (Figure 5F). The molecular mechanism by which this is
accomplished is still unclear. Furthermore, the observation that this phenomenon was unique to
Pseudomonas infection relative to the other pathogenic strains tested is equally fascinating. In
plants, some species of Pseudomonas are capable of attenuating host immune response via secre-
tion of a tyrosine phosphatase that inhibits signaling (Macho et al., 2014). It would be of great inter-
est to compare the differential host responses of planaria to other pathogens or mutant
Pseudomonas strains to determine unique gene regulatory networks supportive of the observed tis-
sue regeneration during chronic infection.

Conclusion

The novel tools and findings of this study not only open up new areas of inquiry for planaria as a
model system, but also broaden our understanding of the relationship between endogenous micro-
biota, the innate immune system, and regeneration. We took advantage of the amenability of pla-
narians to RNA-mediated genetic interference to identify mediators of Pseudomonas-induced tissue
degeneration and its lytic versus regenerative outcomes. We identified a TAK1 innate immunity sig-
naling module underlying tissue degeneration and compromising regeneration capacity during infec-
tion. Interestingly, while TAK1/MKK/p38 signaling enhanced apoptosis during infection, it repressed
apoptosis during tissue regeneration in the absence of infection. Our data indicate that activation of
this pathway has discrete and seemingly opposite roles in host immunity versus normal regeneration.
Given the complex role of inflammation in either the hindrance or support of reparative wound heal-
ing and regeneration, S. mediterranea provides a basis for dissecting the duality of this evolutionarily
conserved inflammatory signaling module in complex, multi-organ adult tissue regeneration. Further-
more, the conservation of bacterial phyla composition and dynamics we uncovered in this inverte-
brate make it the first non-murine model organism for the study of pathological shifts in
endogenous bacteria with relevance to human disease. In summation, our work not only advances
planarians as a unique and tractable in vivo model system for the molecular dissection of regenera-
tion, but also opens the door to the identification and characterization of conditions that promote or
inhibit the natural execution of regenerative processes.

Materials and methods

Planarian care in static or recirculation culture

Schmidtea mediterranea clonal CIW4 strain was maintained in 1X Montjuic salt as previously
described for traditional static culture methods (Newmark and Sanchez Alvarado, 2000), supple-
mented with 50 ug/ml gentamycin where indicated.

A novel recirculation culture system was the predominant source of CIW4 planaria used in this
study. The planarian recirculation culture system is composed of three culture trays (96’ L x 24' W x
12" H) stacked vertically on top of each other over a sump. Planarian water flows from the sump
pump through a chiller, canister filter, and a UV sterilizer into the top tray. Water subsequently flows
down drains at the opposite ends of the source through the series of three trays. Water then re-
enters the sump where it is filtered through two vertically stacked 400 um and 200 pum sieves.
Beyond the sieves, water is gravity fed and mechanically filtered through a set of filter/floss pads.
Finally, water passes through Water Garden Oasis Pond Matrix and Kaldness media to remove
nitrogenous waste. Water is then able to flow back through the chiller, canister filter, and UV steril-
izer back into the top tray.

For the sexual S2F2 strain of planaria, worms were obtained from a fill and drain system. The sys-
tem is composed of 32 tanks and a sump. All tanks drain into a common drain line, flowing into the

Arnold et al. eLife 2016;5:e16793. DOI: 10.7554/eLife. 16793 30 of 39


http://dx.doi.org/10.7554/eLife.16793

LI FE Developmental Biology and Stem Cells | Microbiology and Infectious Disease

filter box resting on top of the sump. The sump contains a heavily aerated bed of Kaldness media
for biofiltration. Water is next pumped through finer sets of sock filters (50 and 20 um) and then
through ultraviolet irradiation prior to being returned to the culture tanks. Each of the culture tanks
utilizes a recurring fill and drain action to provide more frequent water turnover for each tank. Ani-
mals are housed within cylinders with porous mesh bottoms within these tanks.

Planarian genomic DNA preparation for 16 s sequencing

For recirculation to static time course, 4 day starved worms were removed from the system and
placed in containers filled with planaria water with or without the antibiotic gentamycin. For regener-
ation time course, 14 day starved worms were removed from recirculation culture at low density,
washed after two days and transferred to petri dishes after 3 days. Twenty intact worms or 60 ampu-
tated tissue fragments were allocated per dish per time point. For intact worms, only worms that
had not undergone fission were used for analysis. Worms were washed every 3-4 days after amputa-
tion. Wild worms were collected from sites in Sardinia in RNA later for sample storage.

DNA isolation was performed as follows. Negative controls from the initial DNA isolation were
carried out for regeneration time course and wild worms. Collected worms were crushed in 100 pl in
chilled lysis buffer containing 20 mM Tris pH 8.0, 100 mM NaCl, 50 mM EDTA, 2 mM spermidine,
and 0.2 mg/ml Proteinase K, and 0.2% B-Me. Lysate was added to 800 ul of lysis buffer and warmed
to 50C. 100 ul of 10% SDS was added and the tube was nutated at 50°C for 1 hr. 1 ml of phenol:
chloroform:IAA was added to each tube and mixed on nutator for 10 min. Samples were spun at 4°C
1600 g for 5 min to get phase separation. The top layer was transferred to a new tube and 1 ml chlo-
roform was added. Samples were spun again for phase separation and the top layer was transferred
to a new tube. Samples were precipitated by adding 12% volume of 2.5 M NaAc and 1 volume iso-
propanol. After 1 hr incubation at —20°C, samples were pelleted by centrifugation and rinsed 3
times with 70% EtOH. The pellet was dried and resuspended in H,O. Samples were RNAse treated
in a solution of 5 mM Tris pH 8.0 and 1 pg/ml RNAse A for 15 min at room temperature. Samples
were precipitated with 12.5% NaAc, 2.5 volumes of EtOH and incubation at —80°C for 1 hr. Samples
were pelleted by centrifugation and washed 3 times with 70% EtOH. Pellets were dried and resus-
pended in H,O.

16 s Metagenomic Sequencing

Sample preparation was performed as per manufacturer’s instructions with some modifications. In
brief, the V3 and V4 primer pair was used for template amplification using 2X KAPA HiFi Hotstart
ReadyMix (KAPA Biosystems, Wilmington, MA) in PCR strip vials. Reactions were placed in a thermal
cycler at 95°C 3 min, followed by 25 to 35 cycles of 95°C 30 s, 55°C 30 s, and 72°C 30 s with a 5 min
72°C extension. For static culture timecourse and regeneration timecourse, 35 and 32 cycles were
used respectively. For wild Sardinia worm material, 25 cycles were initially used for all samples.
Those that failed to amplify in addition to a control successfully amplified sample were rerun with 35
cycles. Negative controls of HO were run in parallel from the start of library preparation for static
time course sample set. Negative controls from the start of the DNA isolation were run for wild
worm and regeneration sample sets. Following the initial PCR amplification, the template was puri-
fied using Agencourt AMPure XP beads and a magnetic stand. Next, indexing pcr was performed
using the Nextera XT index kit (lllumina). Reactions were placed in a thermal cycler using the identi-
cal PCR program with only 8 cycles. A final round of cleanup with Agencourt AMPure XP beads was
performed and libraries were pooled, requantified, and sequenced as 2 x 250 cycle paired reads on
the Illumina MiSeq, using MiSeq Control Software v2.5.0.5. Following sequencing, the MiSeq
Reporter v2.5.1.3 (recirculation to static time course experiment) or v2.6.2.3 (regeneration time
course and individual wild worm experiments) Metagenomics workflow was used to de-multiplex
reads for all libraries, generate FASTQ files, and perform taxonomic classification of the reads. Reads
of negative controls were used to determine background bacterial amplification. After elimination of
background levels, a low signal threshold was set at 10 reads per OTU.

For wild worms, 16 s rDNA was successfully amplified and sequenced for 4 out of 6 worms from
Sardinia collection site#1 (wild worm#1 jj04-9, wild worm#2 jj04-11, wild worm#3 jj04-11, wild
worm#4 jj04-13) and 1 out of 1 worms from collection site#2 (wild worm#5 jj08-1). A 5" worm from
collection site #1 was also amplified and sequenced (jj04-10), but since this sample did not have a
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negative control run in tandem during DNA isolation (as was performed for the other wild samples),
it was not possible to determine potential contamination of the sample with bacteria from the lab.
Therefore, this sample was not used for further analysis.

Data visualization
Graphs were generated using Prizm software. Heatmaps were made using TM4 MeV. Venn Dia-
grams were generated using Venneuler.

Microscopy

Images of colorimetric WISH samples, histology samples, confocal images, and live worm images
were acquired using Zeiss Lumar, Leica DM 600B, LSM510-VIS, and Leica M205 microscopes, respec-
tively. Individual tiled whole worm or 10X zoomed head images were acquired on a Perkin Elmer
Ultraview spinning disk microscope for P-p38, TUNEL, and phospho H3 quantification. Stitching was
performed using Fiji plugins combined with customized batch processing macros or wrapper plugins
where necessary. Worms were segmented by DAPI labeling with custom plugins and spots were
counted using the ‘Find Maxima’ function via batch processing macros. All macros and plugins are
available at https://github.com/jouyun. For P-p38 average intensity and fraction whole quantifica-
tion, spots were segmented and manually filtered from false worm boundary objects and used to
measure spot area and compute intensities. The whole worm or amputated fragment was seg-
mented using DAPI to compute the total volume.

Bacterial colony forming unit (CFU) assay

The specified number of worms or fragments were washed three times and then crushed in 100 pl
H,O. Homogenate was serially diluted 4X by 10-fold and 25 ul was plated onto each quadrant of an
LB plate. Plates were incubated at room temperature for 3-4 days and the morphology and
the number of colonies was recorded. For identification of abundant strains, colony morphology was
categorized by color, shape and size. The 16 s variable region from representative colonies of each
category was PCR amplified with the following primers: forward primer 63f (5-CAG GCC TAA CAC
ATG CAA GTC-3) and reverse primer 1378r (5-GGG CGG WGT GTA CAA GGC-3)
(Marchesi et al., 1998). The resulting template was sequenced and nucleotide BLAST was per-
formed for putative identification.

Determining bacterial concentrations of isolated strains

Strains isolated from LB plating of planaria homogenate were identified by 16 s sequence homology
and stored in glycerol stocks. Concentration was determined by diluting bacteria to a 600 nm absor-
bance of 1 and plating serial dilutions on LB plates. Average colony count across replicates was used
to determine an absorbance to bacterial CFU/ml conversion factor.

Bacterial infection experiments

Worms were transferred to petri dishes and allowed to rest overnight. Bacterial strains stored in
glycerol stocks were used to inoculate LB for overnight culture at 30°C. Bacterial cultures were spun
down, washed, and resuspended in planaria water at the specified concentrations using 600 nM
absorbance and previously calculated bacterial CFU/ml conversion factors. Planaria were washed
several times and bacteria resuspended in planaria water was added. Infection was refreshed every 3
to 4 days (unless specified otherwise) by washing worms several times, transferring to a new petri
dish, and adding fresh bacteria resuspended in planaria water.

Pathological scoring

Worms were ocularly scored every 1 to 3 days using a Zeiss Stemi 200-C stereo microscope using
the following criteria. Worms exhibiting no phenotypic lesions were scored 0. Worms exhibiting
lesions in either the mid-body or posterior were scored 1. Worms with lesions in the anterior but dis-
playing at least one remaining photoreceptor were scored 2. Worms with anterior tissue degenera-
tion that resulted in no remaining photoreceptors were scored 3. Worms with regressed anterior
regions that displayed partially disrupted or lysed tissue were scored 4. Worms that fully lysed were
scored 5. Worms that regressed heads and formed blastemas with both visible photoreceptors were
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scored 2.5. Worms inadvertently lost or damaged during reinfection procedures and those that
crawled out of sample dishes were not scored further.

Histology preparation and staining

For histology preparation, animals were treated with 7.5% NAC (8 min), fixed in 4% PFA in PBSTx
0.3% (20 min), and then dehydrated by washing in 30%, 50%, and 70% methanol (5 min each). For
paraffin embedding, animals were soaked in ethanol with 5% glycerol, washed in xylene (7 min) and
clear-rite (2 x 7 min), and soaked in paraffin (2 x 14 min, then 2 x 30 min). After serial sectioning
(6 um thickness), slides were heated to 60°C for 20 min, deparaffinized with three 3 min washes in
xylene, washed 3 x 1 min in 100% ethanol, then 80% ethanol, rinsed in tap water. Subsequent stain-
ing utilized the Leica Infinity system and was performed in a Leica Autostainer

For Alcian Blue/ Periodic acid-Schiff (AB/PAS) staining, hydrated slides were stained with 1%
Alcian Blue made in 3% acetic acid for 15 min. Afterwards, slides were washed (2 min) in running tap
water, rinsed in DiH,O, incubated in 0.5% periodic acid (5 min), and rinsed in DiH,O. Slides were
then stained in Schiff’s reagent (10 min) and rinsed under tap water (5 min). Nuclei were stained with
hematoxylin (1 min) and rinsed in running tap water (2 min). Slides were placed in acid alcohol (1
min, Leica Infinity, Differentiator), rinsed in tap water (1 min), and incubated in Bluing Agent (1 min)
followed by tap water rinse (1 min). Finally, the samples were dehydrated through washes in 80%
ethanol, 4 x 100% ethanol, cleared in xylene, and mounted with coverslip onto slides.

For anti-Pseudomonas staining, antigen retrieval was performed using citrate buffer, pH 6.0 for
15 min at 95°C, cooled 20 min, and rinsed in DiH,O. Slides were treated 30 min in Background
buster (VWR #NB306) for 30 min and rinsed. Staining was performed with anti-Pseudomonas fluores-
cens antibody (abcam #25182) 1:750, overnight at 4°C, rinsed, stained 1 hr with donkey anti-goat
488 for 1 hr, and rinsed. Slides were mounted under coverslip with Fluoromount G with DAPI (VWR
#102092-102).

RNAseq

For RNAseq analysis, 4 biological replicates of 4 worms were collected at the specified times after
the transition from recirculation to static culture in the presence or absence of 50 pg/ml gentamycin
for TRIZOL isolation. mRNAseq libraries were generated from 500 ng of high quality total RNA, as
assessed using the Bioanalyzer 2100 (Agilent). Libraries were made according to the manufacturer’s
directions for the TruSeq Stranded mRNA LT- set A and B (lllumina, San Diego, CA; Cat. No. RS-
122-2101 and RS-122-2102) and using NEXTflex DNA Barcodes (BiooScientific, Austin, TX; Cat. No.
514104). Resulting short fragment libraries were checked for quality and quantity using a LabChip
GX (Perkin Elmer) and Qubit Fluorometer (Life Technologies, Carlsbad, CA). Libraries were pooled,
requantified and sequenced as 50 bp single reads on the lllumina HiSeq 2500 instrument using
HiSeq Control Software v2.2.38. Following sequencing, Illumina Primary Analysis version RTA
v1.18.61 and Secondary Analysis version CASAVA-1.8.2 were run to demultiplex reads for all librar-
ies and generate FASTQ files. RNAseq analysis was performed as previously described using a mini-
mum fold change of 1.4 and an adjusted p-value < 0.05 (Tu et al., 2015).

Quantitative PCR

Reverse transcriptase (for pgrp genes) and quantitative PCR (for pgrp genes and 16 s rDNA) was
performed using Superscript lll (Invitrogen) and Fast SYBR Green Master mix (ThermoFisher) for the
following gene targets: universal 16 s (f: 5'-GTG STG CAY GGY TGT CGT CA-3', r: 5'-ACG TCR TCC
MCA CCT TCC TC-3'), pgrp-1 (f: 5'-CTG CCA TCC GAT AAG ATG AGT T-3', r: 5'-TAT CGT TTC
TCG TCG GCA TTT A-3"), pgrp-4 (f: 5'-GAC TCT CGA TCC GAA AGT AGG A-3', r: 5'-GGG TTG
TCC ATT CCC AGA AAT A-3'), B-actin (f: 5'-CCG TGC CAA TTT ATG AAG GGT AT-3', r: 5'-GAA
GAT GAA GAG GCC GCA GTT T-3'), and gapdh (f: 5'-GAT GGG CAT GCT ATT TCG GTT TAT-3', r:
5-CTT TGC TCG GTT GTT TTT GGT ATG-3'). Gene expression was normalized across the samples
using B-actin and gapdh levels.
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Whole mount RNA in situ hybridization (WISH) and immunostaining
protocol

For RNA expression analysis, worms were stained using previously established WISH protocols
(King and Newmark, 2013) with additional modifications for increased reagent penetrance and
washing efficiency. These modifications permitted effective in situ analysis of worm or worm frag-
ments ranging from 1 to 8 mm in size. All washes were performed in 50 ml Falcon tubes or 2 ml
tubes in accordance with worm numbers in place of 24 well plates. All incubations and washes were
performed for 10 min with nutation at room temperature unless otherwise specified.

Mucus was removed with 7.5% NAC in PBS for 8 min. Worms were fixed in 4% PFA 0.3% Triton X
for 30 min and washed twice with 1X PBS 0.3% Triton-X (PBSTx). Worms were then washed with
10% SDS for increased permeabilization. Reduction was performed at 37°C for 10 or 20 min with a
solution of 1X PBS, 1% NP-40, 0.5% SDS, 50 mM DTT. Worms were washed twice with PBSTx 0.3%,
and then dehydrated with a 50% MeOH: 50% PBSTx 0.3% solution, and washed and stored in 100%
MeOH O/N at —20°C.

In preparation for sample bleaching, worms were rehydrated with a 50% MeOH: 50% PBStX 0.3%
wash, washed twice with PBSTx 0.3%, and washed once in 1X SSC. For bleaching, worms were incu-
bated in a 1.2% H,O,, 5% Formamide, 0.5X SCC solution for 4 hr over a light box. Worms were
washed once with 1X SSC and twice with 1X PBS 0.3% Tween-20 (PBSTw 0.3%). Worms were per-
meabilized for 20 min with a 1X PBS 0.1% SDS solution containing 2-4 pug/ml Proteinase K (in accor-
dance with worm size). Worms were post-fixed in 4% PFA 0.3% Tw for 10 min and washed twice
with PBSTw 0.3%. Worms were prepared for hybridization with a 10 min 50% solution wash and sub-
sequent 2 hr 56°C incubation with a prehybridization solution containing 50% Formamide, 1X Den-
hardts solution, 100 ug/ml Heparin, 1% Tween-20, 50 mM DTT, and 1 mg/mL Sigma Torula Yeast
RNA in 5X SSC. DIG-labeled and/or DNP-labeled probes were denatured 5 min at 70°C, and incu-
bated O/N at 56°C in a hybe solution identical to prehybe solution but with Deionized Formamide in
place of Formamide, Calbiochem Yeast RNA 0.25 mg/ml in place of Sigma Torula Yeast RNA, and
an addition of 5% Dextran Sulfate.

The next day non-specific probe binding was washed out at 56°C. The samples were washed
twice for 30 min in a Wash Hybe solution containing 50% Formamide, 0.5% Tween-20, and 1% Den-
hardts in 5X SSC. Worms were then washed twice in 50% Wash Hybe:50% 2X SSC 0.1% Tw for 30
min, thrice with 2XSSC 0.1% Tw for 20 min, and thrice with 0.2X SSC 0.1% Tw for 20 min.
The samples were returned to room temperature and washed twice with 17X MAB 0.1-03% Tw
(MABTw) pH 7.5. The samples were blocked for 2 hr in a solution of 1X MABTw containing 10%
Horse Serum and 0.5% Roche Western Blocking Reagent and stained with anti-DIG and/or anti-DNP
Fab fragment conjugated to alkaline phosphatase (colorimetric development) or peroxidase (fluores-
cent development) at a 1:1000 dilution O/N at 4°C. For the final antibody incubation prior to devel-
opment and slide mounting, this solution was supplemented with 1:5000 DAPI. Non-specific binding
was removed with washing 6 times with MABTw for 2-3 hr and then processed for colorimetric or
fluorescent development.

For colorimetric development, worms were incubated for 15 min in solutions of 0.1 M Tris pH 9.5,
0.1 M NacCl, 0.05 M MgCl,, 0.1% Tween containing 0%, 50%, and then 80% PVA. The final solution
of 80% PVA was supplemented with 1:188 BCIP or 1:94 NBT and worms monitored for color devel-
opment. The reaction was stopped by rinsing 1-2 times in PBS, fixed in 4% PFA 0.3% Tx for 45 min,
and washed 3 times with PBSTx 0.3%. The samples were then washed with 100% EtOH for 20 min
and then with 50% EtOH:50% PBS for 5 min. The samples were the rehydrated with 1X PBS washes
and mounted in 80% glycerol.

For fluorescent development, worms were pre-incubated for 15 min in a development solution of
0.1 M Boric Acid, 2 M NaCl, pH 8.5 supplemented at 1:2000 with tyramide. Worms were incubated
another 45 min in this solution after the addition of 0.006% H202. Samples were washed twice with
PBSTw 0.3% and peroxidase activity was terminated with a 1 hr incubation in 200 mM NaN3 in
PBSTw 0.3%. The samples were washed twice in PBSTw 0.3% and either mounted in a 4 M Urea,
0.1% Triton-X, 2.5% DABCO, 20% glycerol solution. If additional immunostaining was performed,
worms were washed 6 times in PBSTw 0.3% for 2-3 hr, 4 times with MABTw 0.1-0.3%, and then
incubated O/N with the specified primary antibody.
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Unidirectional flow system culture

Planaria were cultured in paper cups (240z ECO products containers or 9oz Dixie cups) lined with a
pocket of 150 um nylon mesh (Saatitech, ltaly). Cups were perforated with holes at the desired pla-
naria water level for outflow to complete the flow vessel. These flow vessels were placed in an
enclosed container on a perforated tray suspended above a collection basin and centralized waste
drain. Water was pumped from a 55 gallon tank into a series of 44 spigots directly above the flow
vessels and adjusted to a constant drip rate of 1 drop per 5 s for 90z cups and 1 drop per 2 s for
240z cups. The system actively pumped water for 1.5 hr every 4 hr achieving total dispensation of
approximately 55 gallons of planarian water every 3.5 days. Flow was turned off during RNAi feed-
ings. Flow vessels were washed after RNAi feeding and worms were washed and transferred to fresh
flow vessels the day before RNAI feeding or the start of experiments.

Gene cloning and RNAi feeding experiments

Candidate genes analyzed in this study were cloned from a CIW4 cDNA library into a pPR-T4P vec-
tor (J. Rink) as described elsewhere (Adler et al., 2014). These served as a template for in vitro
dsRNA synthesis for RNAi feedings (Rouhana et al., 2013). RNAi food was prepared by mixing 1
volume of dsRNA at 50-200 ng/ul (depending on the experiment) with 1.5 volumes of beef liver
paste. The amount of food administered was typically 1 to 2 ul of food per worm depending on ani-
mal size. Worms were allowed to feed for 6 to 10 hr with 2 rounds of agitation by gentle pipetting
to facilitate additional consumption. Worms were fed every 3 days for a total of 3 RNAi feedings.
Experiments were conducted at 4 days or more after the last RNAi feeding.

Data analysis of pathological scores in RNAi screen

Following enumeration of individual worm pathological scores, data for each day was reduced to an
average pathological score. Days for each RNAI condition were aligned in ascending order along the
y-axis of a column. The average score of each column was calculated and used to sort the effects of
RNAI conditions in ascending order along the x-axis. For the frequency of individual stages, the per-
centage of worms exhibiting the corresponding score each day was plotted in place of the average
score. Heat maps were generated using TM4 MeV. Significance was calculated using 2-WAY
ANOVA, p<0.05.

P-p38 western blot analysis

Western blot analyses were performed as previously described (Hatton et al., 2011). The P-p38
antibodies used in this study were acquired from Cell Signaling Technologies. Both polyclonal
(#9211) and monoclonal (#4511) antibodies were used for the initial assessment of cross-reactivity
with the planarian phospho-epitope. Subsequent validation and in situ staining analysis was con-
ducted with the monoclonal antibody due to higher in situ staining signal.

TUNEL and phospho H3 or phospho p38 staining

Worms were prepared for TUNEL or immunostaining identically to those prepared for WISH up to
the point of sample dehydration and storage in MeOH. Worms were rehydrated and then bleached
in a solution of 3% H,O,, 0.075% NH,O,4 in PBSTx for 5 hr over light. Worms were then washed 3X
with PBSTx, permeabilized with 4 pg/ml for 10 min, post-fixed in 4% PFA PBSTx for 10 min, and
washed another 3 times in PBSTx. For H3P and P-p38 staining, the samples were blocked and then
stained for 48 hr at 4°C with primary anti-phospho H3 at 1:500 or anti-phospho p38 at 1:800 and
then with secondary anti-rabbit HRP at 1:1000. For TUNEL labeling, the samples were stored O/N in
PBS at 4°C.

TUNEL was performed as previously described (Tu et al., 2015). In brief, the samples were incu-
bated in equilibration buffer for 15 min and then the TdT reaction was performed for 4 hr at 37°C.
Afterwards, the samples were washed 6 times with PBSTx for 20 min, blocked, and incubated O/N
at 4°C with anti-DIG POD at 1:1000. The samples were processed for fluorimetric development iden-
tically to those in the WISH protocol and either mounted or prepared for additional immunostaining.
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