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Abstract
Animals counter specific environmental challenges with a combination of broad and tailored host responses. One protein
family enlisted in the innate immune response includes the saposin-like antimicrobial proteins. We investigated the
expression of a Caenorhabditis elegans saposin-like gene, spp-9, in response to different stresses. spp-9 expression was
detected in the intestine and six amphid neurons, including AWB and AWC. spp-9 expression is increased in response to
starvation stress. In addition, we discovered pathogen-specific regulation of spp-9 that was not clearly demarcated by Gram
nature of the bacterial challenge. Multiple molecular innate immune response pathways, including DBL-1/TGF-β-like,
insulin-like, and p38/MAPK, regulate expression of spp-9. Our results suggest spp-9 is involved in targeted responses to a
variety of abiotic and bacterial challenges that are coordinated by multiple signaling pathways.

Introduction

All living organisms possess mechanisms to protect them-
selves from potentially harmful environments [1, 2].
Roundworms are a diverse group of organisms (comprising
both free-living and parasitic members) that have adapted to
various habitats ranging from terrestrial to marine envir-
onments [3]. In these environments, roundworms encounter
a variety of challenges, including low food availability and
pathogenic bacteria [4]. Caenorhabditis elegans, a free-
living roundworm, is an established model organism to
understand defense mechanisms nematodes use, including
innate immune responses to bacteria [5]. It is important that
these responses are well coordinated and appropriately
regulated by the host [1, 2]. Aberrant activation of host
immune responses could be a potential cellular stress for the
host, making tight regulation of host immune responses
important for host health in low-stress environments, as

well [6, 7]. How animals respond to the various challenges
in their natural environment by mounting specific defenses
is not well understood.

Several pathogens infect C. elegans, including bacterial
strains Pseudomonas aeruginosa, Staphylococcus aureus,
Salmonella enterica serovar Typhimurium, Serratia mar-
cescens, Enterococcus faecalis, Mycobacterium fortuitum,
Bacillus megaterium, Microbacterium nematophilum, and
Staphylococcus epidermidis. C. elegans is also infected by
fungi, including Candida albicans and Drechmeria con-
iospora [8–15]. MAPK signaling, insulin-like signaling,
and DBL-1/TGF-β-like signaling pathways are induced
upon infection by these pathogens [8–13, 16–20]. These
pathways regulate an overlapping set of antimicrobial
genes, which suggests crosstalk between the pathways upon
infection [18, 21, 22]. These antimicrobial genes encode
lipases, lysozymes, defensin-like proteins, and saposin-like
proteins (SAPLIPs or caenopores).

C. elegans caenopores have structural similarities with
the protozoan amoebapores and the mammalian peptides
NK-lysin and granulysin [23, 24]. 28 genes are predicted to
encode 33 SAPLIP-domain containing proteins, but anti-
microbial activity of only a few saposins (SPPs) has been
characterized. Functional analyses of SPP-3, SPP-5, and
SPP-12 show that they display pore-forming activity, per-
meabilize the cytoplasmic membrane of bacteria, and kill
bacteria [24–26]. SPP-1 is required for protection of C.
elegans against S. enterica serovar Typhimurium and
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P. aeruginosa through the DAF-2/DAF-16 signaling path-
way [18, 27]. Some spp genes are highly up- or down-
regulated in response to bacterial challenges [18, 22, 24–27].
In addition, one caenopore gene, spp-3, has been shown to
be induced in starved animals [24, 25]. Although some
caenopores are strongly expressed in the intestine, some are
also expressed in specific nerves [18, 24–28]. One caeno-
pore, spp-12, is expressed only in NSML/R and I6 phar-
yngeal neurons [26].

To expand our understanding of the function of caeno-
pores within the context of innate immunity and stress, we
chose spp-9, one member of the caenopore family of anti-
microbial proteins. Phylogenetic analyses show that spp-9 is
closely related to spp-3, whose role as an antimicrobial
protein has been functionally characterized [24, 25]. spp-9
is expressed in intestine, an organ on the front line of innate
immunity [21]. spp-9 expression is upregulated in response
to loss of DKF-2/protein kinase D [29]. spp-9 is also
negatively regulated by the DBL-1 signaling pathway and is
used as DBL-1 pathway reporter [21, 30]. While spp-9 has
been shown to be a DBL-1-responsive gene, here we
characterized the role of spp-9 in the larger context of
starvation stress and innate immunity. We also determined
additional molecular innate immune/stress pathways that
regulate spp-9 expression in C. elegans.

Materials and methods

Strains and maintenance

All C. elegans strains were maintained on EZ media plates
at 20 °C except daf-2 strains, which were maintained at
17 °C, unless specified otherwise [31]. Strains used were:
wild-type N2, NU3 dbl-1(nk3) V, TLG182 texIs100[dbl-1::
dbl-1:gfp; ttx-3p::rfp] IV, NL2099 rrf-3(pk1426) II,
TLG697 texIs127[spp-9p::gfp] X, LT998 wkIs40[spp-9p::
gfp], TLG707 dbl-1(nk3) V; texIs127 X, TLG755 oyIs44
[odr-1::RFP; lin-15(+)] V; texIs127 X, TLG756 daf-16
(mu86) I ; texIs127 X, TLG757 pmk-1(km25) IV; texIs127
X, TLG758 wkIs40; mut-2(r459) I; mek-1(pk97) X, TLG759
daf-2(e1370) III; texIs127 X, TLG760 wkIs40; sek-1(km4)
X, TLG761 wkIs40; tir-1(tm3036) III. These strains were
generated by standard genetic crosses and confirmed
by PCR.

The bacteria used in this study include Bacillus mega-
terium (Carolina Biological Supply Company), Escherichia
coli (OP50), Enterobacter cloacae (49141TM), Klebsiella
oxytoca (49131TM), Serratia marcescens (Carolina Biolo-
gical Supply Company), and Staphylococcus epidermidis
(49134TM). All bacteria were grown in tryptic soy broth for
9 h at 37 °C. Bacterial cells were pelleted at 5000 rpm for
15 min and concentrated 20-fold. EZ media plates were

freshly seeded with concentrated bacteria in full lawns. The
plates were incubated at 37 °C overnight before they were
used in experiments.

Dauer assay

daf-2(e1370) III; texIs127 X and texIs127 X populations
were synchronized as embryos by bleaching [32]. Animals
were transferred to 25 °C at the L2 stage. Dauered daf-2
(e1370) III; texIs127 X animals and L4 texIs127 X controls
were picked. Two days later, animals were imaged as dauer
(daf-2(e1370) III; texIs127 X) or adults (texIs127 X). The
experiment was performed in three independent trials.

Imaging

Fluorescence of the spp-9 reporter strain at different
developmental stages was captured by a Nikon A1 confocal
system (Nikon Instruments, Melville, NY). Colocalization
studies of oyIs44 V; texIs127 X animals were performed on
a Nikon swept-field confocal system (Nikon Instruments,
Melville, NY). Hermaphrodites were synchronized as
embryos by bleaching and imaged 48 h after the L4 stage at
20 °C, unless otherwise noted [32]. daf-16(mu86) I;
texIs127 X animals and respective control animals (texIs127
X) were grown at 25 °C and imaged 48 h after the L4 stage.
Fluorescence of the spp-9 reporter strains was captured by a
Nikon DS-Ri2 camera mounted on a Nikon SMZ18 dis-
secting microscope (Nikon Instruments, Melville, NY).
Animals were mounted on 2% agarose pads and anesthe-
tized by using 1 mM levamisole. At least 15 animals were
imaged per condition as determined by power analysis with
a moderate effect size. The microscope conditions were
optimized with respect to the control and test conditions and
kept consistent within each trial. However, imaging expo-
sure times were different between some trials to prevent
saturation of signal in experimental conditions. All imaging
experiments were performed in three independent trials.
Mean fluorescence intensities were measured using the
Nikon NIS Elements AR v5.02 software and were analyzed
using the unpaired t test.

RNA isolation and qRT-PCR

Total RNA was extracted from animals at 48 h after the
L4 stage. Animals were synchronized by bleaching [32].
Total RNA was extracted by the freeze cracking method as
previously described [33]. After RNA isolation, 2 µg of total
RNA was primed with oligo(dT) and reverse transcribed to
yield cDNA using the SuperScript III reverse transcriptase
kit as per manufacturer’s protocol (Invitrogen). Real-time
PCR was performed on QuantStudio3 (Applied Biosystems
by Thermo Fisher Scientific) instrument using the PowerUP
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SYBR Green master mix (Applied Biosystems) according
to manufacturer’s instructions. The experiment was per-
formed in three technical replicates for each condition.
Primer sequences for dbl-1 are forward primer
GCCATTCTCCACCTCTTCCT and reverse primer
GGAACATCAATGCTCGGACC [34]. Primer sequences
for spp-9 are forward primer GTTCTCTTTCTGGTTGC
GGT and reverse primer GCTCTACAAACATCTTCTGG
TGCA. Primer sequences for act-1 are forward primer
CCATCATGAAGTGCGACATTG and reverse primer
CATGGTTGATGGGGCAAGAG [13]. QuantStudio
Design and Analysis Software v1.5.1 was used to calculate
raw Ct values and to normalize the values for dbl-1 and spp-
9 to the housekeeping gene act-1 (actin) (Applied Biosys-
tems by Thermo Fisher Scientific). Fold change in gene
expression between experimental sample and the wild-type
control was determined by this software using the formula:
2(−ΔΔCt

). Experimental ΔCt values were compared with
wild-type ΔCt values using the unpaired t test.

Results

spp-9 localizes in the intestine and head neurons at
all developmental stages

To determine where and when spp-9 is expressed, we used a
strain expressing an integrated transgene with the spp-9
promoter driving expression of green fluorescent protein
(spp-9p::GFP). Promoter activity of spp-9 was observed in
the entire intestine of animals, strongly in the anterior and
posterior ends (Fig. 1a–e). spp-9 transgene expression in the

intestine was visible at all developmental stages starting
from the first larval stage up to adulthood. We also observed
spp-9 expression in six head neurons (Fig. 1f). We con-
firmed the expression of spp-9 in the AWB and AWC
neurons by showing colocalization with a fluorescent mar-
ker, odr-1::RFP (oyIs44), that is specifically expressed in
the two AWB and two AWC sensory neurons [35, 36]. The
spp-9 reporter was also visible in a third amphid pair.
VisCello for Visualization of Single Cell Data expression
data suggests spp-9 is expressed in the ASH neurons, which
is consistent with the observed position of this third neuron
pair [37]. Because robust intestinal expression of spp-9 was
observed only after L3, we quantitated spp-9 reporter
activity at 24 h, 36 h, and 48 h after staging animals at L4.
We observed an increase in reporter activity over this time
frame, with the highest level of expression detected in this
time frame in two-day old adults (Fig. S1). These results
indicate that spp-9 is expressed majorly in the intestinal
tissue and also in six head neurons throughout all the
developmental stages of animals, with spp-9 intestinal
expression increasing from late larval to adult stages.

spp-9 expression is increased in starved animals

Animals can mount responses to a variety of environmental
stresses. Loss of some dpy genes that encode cuticle col-
lagens induce glycerol, osmotic, and detoxification
responses, but do not change spp-9 reporter expression
[30, 38–41]. Starvation is another stress, and spp-3
expression is induced in starved animals [24, 25]. How-
ever, spp-5 expression, which is constitutively expressed
and remains unchanged in pathogenic conditions, is also
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Fig. 1 The spp-9 reporter is expressed throughout larval and adult
stages in intestine and head neurons. Confocal images show
expression of spp-9p::GFP in (a) L1, (b) L2, (c) L3, (d) L4, and (e) 1-
day adult in the intestine, with strong expression in the anterior and
posterior ends of intestine. f Rotated swept-field confocal projection

reveals spp-9p::GFP is expressed in six head neurons, colocalizing
with ODR-1::RFP in AWB and AWC head neurons of an adult animal
(marked by filled and unfilled arrowheads, respectively). An asterisks
mark a third neuron that expresses the spp-9 reporter. Scale bar indi-
cates a, b 50 µm, c, d, e 100 µm, and (f) 10 µm.
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high in starved animals [24]. We asked if starvation affects
expression of spp-9. By 8 h without food starting in the
L4 stage, C. elegans show dramatic organismal responses,
including a global reduction in protein synthesis and
changes in stress response pathway gene expression [42].
L4 animals that were starved were imaged 8 h after star-
vation and compared with identically staged animals that
remained fed during that time. spp-9 expression was sig-
nificantly increased when animals were deprived of food
(Fig. 2). This suggests that expression of spp-9 is upregu-
lated in starved animals.

spp-9 expression is altered in response to select
Gram-positive and Gram-negative pathogens

Because caenopores are predicted antimicrobial effector
genes, a subset of this 23-member family has been tested for
induction upon pathogen challenge. Expression of spp-1 is
induced upon infection with S. enterica serovar Typhi-
murium [43]. spp-3 expression is induced upon confronta-
tion with two Gram-positive bacterial species, B.
megaterium and M. luteus, compared with normal lab food
E. coli OP50, but was not induced on a different Gram-
positive bacterium (Lactobacillus lactis) or any of the four
Gram-negative species tested. Expression of spp-5, though,
was consistent in animals exposed to different Gram-
positive and Gram-negative bacteria, including E. coli [24].
To determine if expression of spp-9 is responsive to expo-
sure to pathogenic bacteria, we detected activity of the spp-
9p::gfp reporter in response to a panel of Gram-positive and
Gram-negative bacterial exposures. This panel included two
Gram-positive (B. megaterium and S. epidermidis) and three
Gram-negative strains (E. cloacae, K. oxytoca, and S.
marcescens), plus the standard lab food, Gram-negative E.
coli OP50. Animals expressing spp-9p::gfp were synchro-
nized as L4s and fed on Gram-positive or Gram-negative
bacteria for 48 h. Animals were tested at 48 h because by

that time, there was a robust response of the spp-9 reporter
on E. coli (Fig. S1). Basal expression was measured for spp-
9p::GFP fluorescence in animals fed E. coli OP50 (Fig. 3a,
e, h). We observed a significant increase in the spp-9
reporter activity when animals were fed on select Gram-
positive (B. megaterium and S. epidermidis), and Gram-
negative (K. oxytoca) bacteria (Fig. 3b–d, g, j). On the other
hand, exposure to S. marcescens caused a significant
decrease in spp-9 expression in two of the three independent
trials (Fig. 3i, j). This reduced spp-9 expression is consistent
with previous studies showing exposure to S. marcescens
induces the DBL-1 signaling pathway (which negatively
regulates spp-9) [44]. Our results suggest that activity of
spp-9 is differentially regulated in response to specific
Gram-positive and Gram-negative bacterial challenges.

dbl-1 regulates endogenous spp-9 expression levels

Studies by our lab and others have shown that the activity of
spp-9 is highly regulated by DBL-1 in an inverse fashion.
Animals overexpressing DBL-1 show reduced spp-9p::GFP
activity and animals lacking DBL-1 display high reporter
activity [21, 30]. We tested if DBL-1 regulates endogenous
levels of spp-9 expression by quantitative real-time PCR,
comparing spp-9 expression levels from dbl-1 mutants to
the wild-type control. Animals with the dbl-1(nk3) null
allele, a deletion that deletes about 5 kb of the 3′ end of the
7 kb open reading frame, have almost no dbl-1 mRNA
detected by qRT-PCR. Animals overexpressing dbl-1 have
about a 10-fold increase in dbl-1 mRNA levels (Fig. S2a).
We see an increase (about 2.6-fold) in the expression of
spp-9 in animals lacking dbl-1, whereas we see a decrease
(about 0.5-fold), however not significant, in spp-9 mRNA
levels of animals overexpressing dbl-1 (Fig. S2b). These
qRT-PCR results support previously reported microarray
results and the use of spp-9p::GFP as a reporter for DBL-1
pathway signaling [21, 30].
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Fig. 2 Starvation increases spp-9 reporter activity. Fluorescence
images show spp-9p::GFP intensities of (a) fed L4 animals and (b)
age-matched animals starved for 8 h post L4 stage. Imaging conditions
including exposure times were consistent. Scale bar indicates 100 µm.
c Comparison of spp-9p::GFP intensities of fed animals (control) with

starved animals indicates that spp-9 reporter activity was significantly
increased in starved animals in comparison to fed animals (p=
0.0003). One representative trial of three is presented. Error bars
represent 95% confidence intervals. n= 30 per condition. *p < 0.05
compared with fed control by unpaired t test.
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spp-9 expression depends on DBL-1 and other
innate immune response signaling pathways,
depending on pathogen

DBL-1 signaling pathway regulates expression of many innate
immunity genes and is also involved in mounting protective
immune responses against pathogens [13, 18, 44–48]. We
showed that the DBL-1 pathway target gene spp-9 is differ-
entially regulated upon exposure to different types of Gram-
positive and Gram-negative bacteria. Therefore, we asked if the
differential regulation of the spp-9 reporter activity in response
to the panel of Gram-positive and Gram-negative bacteria is
DBL-1 mediated. To test this, we exposed spp-9p::gfp and dbl-
1(-); spp-9p::gfp animals to our panel of different bacteria at the
L4 stage. These animals were imaged 48 h after L4 stage and

we measured and compared GFP intensities of the two geno-
types fed on different bacteria. In three independent trials, the
dbl-1(-); spp-9p::gfp animals when fed on standard lab food, E.
coli strain OP50, showed a significantly increased fluorescence,
consistent with previous reports (Fig. 4a, e) [21, 30]. We
observed that animals lacking dbl-1 when fed on S. epi-
dermidis, E. cloacae, and S. marcescens showed a further
increase in fluorescence in comparison to the control (dbl-1(-);
spp-9p::gfp animals fed on E. coli OP50) (Fig. 4c, d, f, h, i).
These findings indicate that loss of dbl-1 increases the spp-9
reporter activity and exposure to select Gram-positive (S. epi-
dermidis) and Gram-negative (E. cloacae and S. marcescens)
bacteria further increases the reporter activity when dbl-1 is
absent, suggestive of an additive effect on spp-9 reporter
activity, perhaps by other innate immune response pathways.
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control B. megaterium

S. epidermidis

control E. cloacae

K. oxytoca

*
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*
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H I S. marcescenscontrol

Fig. 3 spp-9 reporter activity is altered upon exposure to specific
Gram-positive and Gram-negative bacteria. Fluorescence images
show spp-9p::GFP intensities in adult animals after a two-day expo-
sure to the following bacteria; (a, e, h) control E. coli OP50 (n= 17,
20, 20), (b) B. megaterium (n= 17), (c) S. epidermidis (n= 20), (f) E.
cloacae (n= 21), (g) K. oxytoca (n= 21), or (i) S. marcescens (n=
21). Imaging conditions including exposure times were consistent with
respective controls. Scale bar indicates 100 µm. d Comparison of spp-
9p::GFP intensities of wild-type animals fed on E. coli OP50 (control)
with animals fed on B. megaterium or S. epidermidis. spp-9p::GFP
intensity was significantly increased when animals were exposed to B.

megaterium and S. epidermidis in comparison to the control (p <
0.0001). j Comparison of spp-9p::GFP intensities of wild-type animals
fed on E. coli OP50 (control) with animals fed on E. cloacae, K.
oxytoca, or S. marcescens. No significant change in spp-9p::GFP
intensity was seen in animals fed on E. cloacae (p= 0.1353). Expo-
sure to K. oxytoca caused a significant increase in the GFP intensity as
compared with the control (p < 0.0001). On the other hand, exposure
to S. marcescens caused a significant decrease in the GFP intensity in
comparison to the control (p= 0.0153). One representative trial of
three is presented. Error bars represent 95% confidence intervals. *p <
0.05 compared with E. coli OP50 by unpaired t test.
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On the other hand, dbl-1(-); spp-9p::gfp animals showed
similar mean fluorescence intensities when fed on B.
megaterium in comparison to dbl-1(-); spp-9p::gfp animals
exposed to the E. coli OP50 control (Fig. 4b, d). This
response is different from spp-9 reporter activity in the wild
type, which showed significantly increased fluorescence
with B. megaterium exposure as compared with the control
(Fig. 3b, d). This lack of further spp-9 reporter induction in
dbl-1 mutants on B. megaterium, like was observed on E.
cloacae, S. marcescens, and S. epidermidis, indicates that
spp-9 reporter activity induced on B. megaterium is DBL-1
mediated (Figs. 3 and 4).

Interestingly, while animals lacking dbl-1 fed on K.
oxytoca displayed increased fluorescence than spp-9p::gfp
animals, that increase was significantly less in comparison
to the same genotype fed on E. coli in two out of three trials
(Figs. 3 and 4, data from both genotypes was collected in
each trial). This suggests that some other signaling pathway

that negatively regulates spp-9 activity is induced in dbl-1(-)
animals upon exposure to K. oxytoca, resulting in decrease
of spp-9 activity. This suggests that the reporter activity
response to K. oxytoca exposure depends on an innate
immune response that is at least partially independent of
dbl-1.

spp-9 reporter activity is regulated by innate
immunity/stress signaling pathways

Because we see an additive effect of DBL-1 and infection
on the activity of spp-9, and also DBL-1-independent but
pathogen-dependent regulation of spp-9, we asked whether
spp-9 is also regulated by other signaling pathways in the
context of immunity. Besides the DBL-1 signaling pathway,
two major pathways that are required for animals to respond
to pathogens are the insulin-like and p38/MAPK signaling
pathways [19, 49, 50]. The insulin-like pathway is defined
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control

K. oxytoca

E. cloacae

S. marcescens

control B. megaterium

S. epidermidis

*

*

*
*

Fig. 4 spp-9 reporter activity is altered in response to specific
pathogens by DBL-1 and other innate immunity signaling path-
ways. Fluorescence images show spp-9p::GFP intensities in adult dbl-
1(-) animals after a two-day exposure to the following bacteria; (a, e)
control E. coli OP50 (n= 20), (b) B. megaterium (n= 18), (c) S.
epidermidis (n= 26), (f) E. cloacae (n= 19), (g) K. oxytoca (n= 22),
or (h) S. marcescens (n= 21). Imaging conditions including exposure
times were consistent with respective controls. Scale bar indicates
100 µm. d Comparison of spp-9p::GFP intensities in dbl-1(-) animals
fed on E. coli OP50 (control) with animals fed on B. megaterium or S.
epidermidis. No significant change in spp-9p::GFP intensity was seen

in animals fed on B. megaterium (p= 0.3534). The GFP intensity was
significantly increased when animals were exposed to S. epidermidis in
comparison to the control (p= 0.0117). i Comparison of spp-9p::GFP
intensities in dbl-1(-) animals fed on E. coli OP50 (control) with
animals fed on either E. cloacae, K. oxytoca, or S. marcescens.
Exposure to E. cloacae (p= 0.0001) and S. marcescens (p= 0.0385)
caused an increase in the GFP intensity as compared with the control.
Exposure to K. oxytoca caused a decrease in the GFP intensity in
comparison to the control (p= 0.0001). One representative trial of
three is presented. Error bars represent 95% confidence intervals. *p <
0.05 compared with E. coli OP50 by unpaired t test.
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by the insulin receptor DAF-2 and the downstream master
transcriptional regulator DAF-16. Loss of daf-2 function not
only causes animals to constitutively enter dauer but also
increases resistance to pathogens. Loss of daf-16 prevents
animals from entering dauer and increases sensitivity to
infection [12, 49, 51–54]. We measured reporter fluores-
cence intensities in daf-2(-) and daf-16(-) backgrounds and
compared it to the reporter in the wild-type background.
Interestingly, we observed a significant reduction in daf-2(-)
mutants (Fig. 5b, d). As expected, animals lacking daf-16

showed increased spp-9 reporter fluorescence (Fig. 5c, d).
These findings suggest that spp-9 is responsive to changes
in insulin-like signaling: DAF-2 promotes, while DAF-16
normally represses, spp-9 expression.

The p38/MAPK signaling pathway includes TIR-1, TIR
(Toll and Interleukin 1 Receptor) domain protein, which
activates MAP3K, which activates MAP2K SEK-1, which
activates MAPK PMK-1 [55–57]. We captured and mea-
sured GFP intensities of the reporter in pmk-1(-), sek-1(-), or
tir-1(-) mutant backgrounds and compared them to the wild-

A B

C

D

E F

G

H

LJI

K N

M

control daf-2(-)

daf-16(-)

control sek-1(-)

tir-1(-)

control pmk-1(-) mek-1(-)control

*

* *

*

Fig. 5 spp-9 reporter activity is regulated by innate immunity
signaling pathways. Fluorescence images show spp-9p::GFP inten-
sities in two-day adults with (a, e, i, l) wild-type (n= 24, 23, 19, 19),
(b) daf-2(-) (n= 24), (c) daf-16(-) (n= 20), (f) sek-1(-) (n= 23), (g)
tir-1(-) (n= 27), (j) pmk-1(-) (n= 20), and (m) mek-1(-) (n= 22)
backgrounds. Imaging conditions including exposure times were
consistent with respective controls. Scale bar indicates 100 µm.
d Comparison of spp-9p::GFP intensities in wild-type (control), daf-2
(-), and daf-16(-) backgrounds. Loss of daf-2 caused a decrease in the
GFP intensity (p < 0.0001), whereas loss of daf-16 caused an increase
in the GFP intensity (p < 0.0001) as compared with the control.

h Comparison of spp-9p::GFP intensities in wild-type (control), sek-1
(-), and tir-1(-) backgrounds. Loss of tir-1 caused an increase in the
reporter activity in comparison to the control (p < 0.0001). k Com-
parison of spp-9p::GFP intensities in wild-type (control) and pmk-1(-)
backgrounds. The GFP intensity increased in animals lacking pmk-1
(p < 0.0001). n Comparison of spp-9p::GFP intensities in wild-type
(control) and mek-1(-) backgrounds. No significant change in spp-9p::
GFP intensity was seen in mek-1(-) animals (p= 0.5674). One repre-
sentative trial of three is presented. Error bars represent 95% con-
fidence intervals. *p < 0.05 compared with spp-9p::GFP in wild-type
background by unpaired t test.
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type reporter control. We observed a significant increase in
the mean GFP intensities in tir-1(-) and pmk-1(-) mutants
(Fig. 5g, h, j, k). However, loss of MAP2K gene sek-1(-)
had no effect on the fluorescent intensities in comparison to
the control (Fig. 5f, h). We then tested if MEK-1, a stress-
responsive MAP2K that can also activate PMK-1 inde-
pendent of TIR-1, affected spp-9 reporter activity [56]. Loss
of mek-1, like loss of sek-1, also had no effect on spp-9
reporter fluorescence (Fig. 5m, n). These findings suggest
that the MAPK pathway defined by tir-1 and pmk-1 nor-
mally suppresses spp-9 activity, but does so using a
MAP2K other than SEK-1 or MEK-1. Alternatively, these
MAP2Ks act redundantly in the pathway that leads to
expression of spp-9. Together, these results indicate spp-9 is
regulated by multiple signaling pathways.

Discussion

Here, we show that SPP-9 has a unique role within its large
family of saposin-like, pore-forming proteins in C. elegans,
and its expression is modulated to respond to specific
pathogens and other stressors.

spp-9 is visibly expressed from the first larval stage,
when animals are initially exposed to environmental con-
ditions, including pathogens, and this expression is main-
tained throughout the life of the animal. This observation is
consistent with previous RNAseq and microarray analyses
that do not detect spp-9 expression in embryos (WormBase.
org). Basal expression of spp-9 is observed in the intestine
of animals fed normal lab food, E. coli. Other saposin
family members play roles in the digestion of the round-
worm’s bacterial food. SPP-9 may also help digest bacteria
and is upregulated in some environments with pathogenic
bacteria. However, our work supports a role for spp-9 in
stress response, not just digestion. For one, spp-9 expres-
sion is increased in starvation conditions (Fig. 2). spp-3 and
spp-5 have also been shown to be expressed in starved
adults [24]. Second, spp-9 is expressed in the AWB and
AWC sensory neuron pairs, which play roles in sensing
numerous stimuli, including bacterial food sources [58–61].
C. elegans uses AWB to sense and avoid serrawettin W2, a
chemical secreted by the pathogenic S. marcescens [62].
spp-9 expression in amphid neurons might contribute to
sensing different pathogens or other stresses. Some other C.
elegans saposins are expressed not only in the intestine, but
also or instead in a specific neuron or a few neurons. spp-3
is expressed in the SDQR interneuron, spp-12 is expressed
in NSM/L and I6, which can sense bacteria, including
pathogens, and spp-7 is expressed in head neurons [25, 26].
Neurons in C. elegans and other species express saposins
and other antimicrobial proteins, possibly to protect the

environmentally exposed neurons or surrounding tissues.
Alternatively, the expression of different saposins in dif-
ferent environmentally exposed neurons could help specify
distinct antimicrobial responses depending on the stimulus.

Third, a strong induction of spp-9 was observed in ani-
mals exposed to some bacterial challenges, but not all,
suggesting specificity of recruiting SPP-9 in a response that
is not demarcated by Gram nature (Figs. 3 and 4). Fur-
thermore, we discovered that spp-9 is specifically upregu-
lated by loss of specific innate immune/stress response
pathways: the DBL-1/TGF-β-like pathway, the DAF-2/
DAF-16 insulin-like pathway, and the p38/MAPK defined
by TIR-1 and PMK-1, but independent of MAPKKs SEK-1
and MEK-1 (Figs. 4 and 5). This may explain why we see
an additive induction of spp-9 in animals lacking DBL-1
signaling and challenged with E. cloacae, S. marcescens, or
S. epidermidis: other innate immune response pathways
may be further inducing spp-9 expression in this context.
However, the response to B. megaterium, in which the spp-
9 induction depends on functional DBL-1 signaling, sug-
gests that the animals use DBL-1 but not other innate
immune pathways to induce a spp-9 response to B. mega-
terium. However, the reduced spp-9 induction upon expo-
sure to K. oxytoca in dbl-1 mutant animals suggests that
other signaling pathways are dampening this response.
These findings also support that DBL-1, insulin-like, and
MAPK pathways act independently but converge to reg-
ulate spp-9 expression. These results suggest that spp-9
contributes to the “antimicrobial fingerprint” proposed by
Alper et al., in which distinct molecular responses are
generated against specific pathogen exposures [18].

spp-9 was identified as a highly regulated gene by the
DBL-1 signaling pathway and a spp-9 promoter-GFP
transgene has been used as a reporter for this pathway
[21, 30]. The changes observed in the spp-9 transcriptional
reporter are consistent with the changes in endogenous spp-
9 expression levels in different dbl-1 backgrounds, indi-
cating that the reporter activity is representative of endo-
genous spp-9 expression levels. Our findings support that
spp-9 is a valid reporter of DBL-1 signaling, with the caveat
that the experimental environment must be closely
controlled.

In summary, we discovered that spp-9 expression is
induced by starvation, specific bacteria, and by not only
DBL-1, but other innate immune/stress pathways. It will be
of interest to determine the molecular role of SPP-9 in
replete and stress conditions, and to identify how multiple
signaling pathways coordinate spp-9 expression. This work
revealed further insights into the environmental respon-
siveness of the saposin family and how organisms generate
complex, targeted molecular responses to physiological
challenges.
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