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Caenorhabditis elegans neuropeptide NLP-27
enhances neurodegeneration and paralysis
in an opioid-like manner during fungal infection

Maria Pop,1 Anna-Lena Klemke,1 Lena Seidler,1 Nicole Wernet,1 Pietrina Loredana Steudel,1 Vanessa Baust,1

Elke Wohlmann,1 and Reinhard Fischer1,2,*
SUMMARY

The nervous system of metazoans is involved in host-pathogen interactions to control immune activation.
In Caenorhabditis elegans, this includes sleep induction, mediated by neuropeptide-like proteins (NLPs),
which increases the chance of survival after wounding. Here we analyzed the role of NLP-27 in the infec-
tion of C. elegans with the nematode-trapping fungus Arthrobotrys flagrans. Early responses of
C. elegans were the upregulation of nlp-27, the induction of paralysis (sleep), and neurodegeneration
of the mechanosensing PVD (Posterior Ventral Process D) neurons. Deletion of nlp-27 reduced neurode-
generation during fungal attack. Induction of nlp-27 was independent of the MAP kinase PMK-1, and
expression of nlp-27 in the hypodermis was sufficient to induce paralysis, although NLP-27 was also upre-
gulated in head neurons. NLP-27 contains the pentapeptide YGGYG sequence known to bind the human m-
and k-type opioid receptors suggesting NLP-27 or peptides thereof act on opioid receptors. The opioid
receptor antagonist naloxone shortened the paralysis time like overexpression of NLP-27.

INTRODUCTION

The nervous and the immune system both play a role in host-pathogen interactions to ensure appropriate and specific immune responses

against pathogens.1 However, the underlying complex mechanisms of neural regulation are not yet well understood. Neuropeptides are

chemical messengers with roles in synaptic signaling as well as in the innate immune response and age-related neurodegeneration.2,3

Genome analyses suggest the presence of at least 48 neuropeptides in C. elegans.One class of neuropeptides is neuropeptide-like proteins

(NLPs), diverse peptides grouped into 11 categories based on certain repeating amino acid motifs.3

In C. elegans NLPs may be expressed and released by neurons, but some are also expressed in non-neuronal tissues such as the hypo-

dermis.4 Neuropeptides and NLPs are encoded as precursor molecules and are post-translationally processed into bioactive peptides

that typically bind to GPCRs to modulate many physiological functions.3,4 Other NLPs act as antimicrobial peptides (AMPs).5 Some AMPs

are highly expressed in mouse microglia cells suggesting roles beyond the antimicrobial activities.6 Also, some neuropeptides control the

unfolded protein response in the ER of glia cells.7 Taken together, neuropeptides and NLPs appear to be more versatile as the name implies

and serve different functions, many of which are currently unknown.

SomeNLP-encoding genes are clustered in theC. elegans genome, and the nlp-29 cluster is one of the best studied. It consists of NLP-27,

28, 29, 30, 31, and 34. They are all characterized by YGGYG amino acid repeats in their sequences.5,8,9 NLP-31 is part of the innate immune

response to infection with the predatory fungus Drechmeria coniospora and has antifungal activity in vitro against Aspergillus fumigatus and

other fungi.5 The closely related, epidermally expressed NLP-29 is an antimicrobial peptide that causes aging-associated dendrite neurode-

generation in PVD neurons dependent on TIR-1 (toll-interleukin 1 repeat protein) and the MAP kinase PMK-1.8 PVD neurons are mechano-

sensory neurons with highly ordered dendritic branches that respond to high threshold mechanical stimuli.10 nlp-29 expression increases

with age and artificial overexpression causes early onset of dendrite degeneration.5,8 In comparison, NLP-31 does not play a role in neuro-

degeneration, despite the high sequence conservation with NLP-29.8 NLP-29 together with another dozen neuropeptides, including NLP-27,

promotes sleep after epidermal wounding in a RIS-dependent manner which increases the survival chances of the nematode.11 Interestingly,

nlp-27 is downregulated in bacterial infections with P. aeruginosa, S. marcescens, Enterococcus faecalis, Bacillus thuringiensis, and Photo-

rhabdus luminescens and upregulated in fungal infections with D. coniospora or Harposporium spp..12,13 NLP-27 is expressed in the hypo-

dermis, the first line of defense, suggesting antimicrobial activity like NLP-31.5 However, NLP-27 is also expressed in ASI neurons, and unlike

the other peptides of the cluster, NLP-27 is not upregulated by osmotic stress.14 Hence, the nlp-29 gene cluster encodes six relatedNLPs with

specific and overlapping functions and responding to different endo- and exogenous cues.
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An important family of nematode pathogens in natural habitats are predatory nematode-trapping fungi (NTF) like Arthrobotrys flagrans

(formerlyDuddingtonia flagrans).15 The NTFA. flagrans develops a trapping network consisting of several adhesive rings in which nematodes

likeC. elegans can be trapped. Sophisticated interkingdom communication regulates trap formation in the presence of sufficient numbers of

nematodes.16–19 Trap formation requires cues about the presence of nematodes in the surrounding as well as complex cell-to-cell commu-

nication for ring formation and closure.19–21 After the nematode is immobilized in the trap, the fungus pierces the nematode cuticle with a

penetration peg and subsequently develops mycelium inside the nematode body. The nematode immune response is probably triggered

by the cuticular damage as well as by small secreted proteins (SSP).16,22 CyrA (cysteine-rich protein A), the first characterized SSP, is secreted

by A. flagrans and shortens the lifespan of the nematode when expressed heterologously in the nematode. Another fungal SSP is PefD (pu-

tative effector D), which localizes in nuclei ofC. eleganswhen expressed in the nematode.22,23WhetherC. elegansNLPs (AMPs) are targets for

such SSPs remains to be determined.

Here we show that NLP-27 plays a role in infection-induced paralysis of C. elegans during A. flagrans attack. NLP-27 induction is pmk-1

independent and induces dendrite neurodegeneration in PVD neurons. NLP-27 is predicted to contain a neuropeptide cleavage site, and

indeed one of the cleaved peptideswas sufficient to cause neurodegeneration.A. flagrans infection caused PVDdendrite neurodegeneration

starting from the trapping site.

Understanding how the nervous system is connected and overlaps with the innate immune response during infection holds great thera-

peutic potential as well as understanding fungal-induced acute neurodegeneration during infection.
RESULTS

The neuropeptide-like protein NLP-27 is upregulated in ASI and ASH neurons during A. flagrans fungal infection

The hypodermally expressed nlp-29 cluster was shown to play an important role in microbial infections.5,8 Therefore, we tested whether the

cluster may play a role during the attack of the predatory fungus A. flagrans. Whereas bacteria infect C. elegansmainly through the intestine,

A. flagrans capturesC. eleganswith adhesive trapping structures and penetrates the cuticle from outside. This can happen at any place along

the C. elegans body. Since after cuticle penetration, the hypodermis is the first tissue A. flagrans encounters, it is likely that the attack stim-

ulates an immune response in the hypodermis. To test this, the expression of nlp-29-cluster genes (nlp-27, nlp-28, nlp-29, nlp-31, and nlp-34)

(Figure 1A) after infection wasmonitored by qRT-PCR (Figures 1A and 1B). Young adult nematodes were infected withA. flagrans. Briefly, low

nutrient agar (LNA) infection plates were prepared by co-incubating A. flagrans spores with nematodes for 24 h at 28�C for trap induction.

Then nematodes were washed off the plate with sterile water and synchronized young adults were added on the induced fungal mycelium

and incubated for 4 h. After this incubation time, nematodes were collected, and total RNA was extracted and used for the qRT-PCR exper-

iments. All nlp-29 cluster genes were upregulated to different extents after infection with A. flagrans (Figure 1B).

Given the anti-microbial activity of someNLPs encoded in the nlp-29 cluster, it was possible thatC. elegans reacts to the A. flagrans attack

with a local response at the trap site instead of a systemic response throughout the body. To distinguish between local or general upregu-

lation of the nlp-29-cluster genes, we used a transcriptional reporter strategy based on GFP or wrmScarlet as fluorescent proteins. We fused

the promoters of nlp-27, nlp-29, and nlp-31 to the corresponding coding regions of the fluorescent proteins (Figures 1C–1F). In addition, we

added a nuclear localization signal. Promoter activity can thus be unambiguously resolved by fluorescent nuclei and easily distinguished from

background fluorescence of the cells. The plasmids were injected into the unc-119mutant strain to rescue the motility phenotype in positive

transformants, and they were expressed as extrachromosomal arrays. The localization of GFP or wrmScarlet was performed by adding syn-

chronized young adults onto LNA containing 15mMNaN3. The nlp-29 and nlp-31promoters appeared to be activemostly in the intestine and

hypodermis in the absence of A. flagrans (control) (Figure 1C). To visualize the signals during infection, microscopy slides were prepared by

co-incubating spores and nematodes on LNA for 24 h to induce trap formation. Then nematodes were washed off, and fresh young synchro-

nized transgenic adult nematodes were added to the fungus. The expression of GFP under nlp-29 promoter control showed a stronger signal

at the trap site, while the wrmScarlet signal under nlp-31 promoter control showed a general response to infection and was upregulated

throughout the nematode body (Figure 1D). nlp-31 appears to be expressed in the head area under normal conditions, but during infection,

the signal was mostly increased in the body area, while nlp-29 does not seem to have any neuronal localization during infection or under

normal conditions but shows a trap localization (Figures 1C and 1D). To further support our assertion that nlp-27 is not upregulated at the

trapping site and find out whether there is background expression in the gut or genuine signal from GFP/wrmScarlet, the fluorescence

seen in Figures 1C–1F was quantified in Figure S1. In comparison, the nlp-27 promoter fusion showed an increased signal intensity in the

nuclei of the hypodermis with the exception at the trap site (Figures 1F and S2).

Interestingly, nlp-27was upregulated in the head area during infection, and this upregulation appeared to be independent of the place of

the trap (Figures 2A–2C). This result suggested a distinct role of nlp-27 neuronal expression during infection. To test if nlp-27 induction was

already caused by the first step ofA. flagrans infection, namely woundingof the cuticle and hypodermis, we sterile wounded young adults with

a microinjection needle. The same pattern of nlp-27 promoter activity was observed during the infection with a strong expression in the head

region (Figure 2D).

nlp-27 expression was documented in one neuron pair, the ASI.3 However, our promoter-reporter line expressing nlp-27(p)::NLS-wrmScar-

let showed additional signals in other un-identified neurons (Figure S3A). To determine the identity of the other pair of neurons, we co-ex-

pressed dcar-1(p)::NLS-GFP along with nlp-27(p)::NLS-wrmScarlet. DCAR-1 is a GPCR known to be expressed in the ASI and ASH neurons

among other tissues.24 It is also activated by dihydrocaffeic acid which leads to nlp-29 gene cluster upregulation.25 Fluorescent signals

were co-localizing in the ASH and ASI neurons (Figure 2E). Amarker strain with labeling specifically only ASI and ASH neurons is not available.
2 iScience 27, 109484, April 19, 2024



Figure 1. Analysis of the expression changes of the nlp-29 gene cluster in C. elegans after infection with A. flagrans

(A) Alignment of the peptides encoded by the nlp-29 gene cluster without NLP-34.

(B) Relative expression of the nlp-29 gene cluster genes during infection with A. flagrans determined by qRT PCR with actin for normalization. Young adult

nematodes were co-incubated with A. flagrans for 24 h and total RNA was extracted using the TRIzol method, **p < 0.01. (C–F) Expression analyses using

promoter-reporter assays with fluorescence microscopy. Promoters of nlp-29, nlp-31, and nlp-27 were fused to a DNA fragment encoding an NLS and to the

wrmScarlet or GFP-coding gene.

(C) Expression of nlp-29 and nlp-31 in nlp-29(rfl5) in uninfected control nematodes and (D) during infection with A. flagrans.

(E) Expression of nlp-27 in nlp-27(rfl2) in uninfected control nematodes and (F) during infection with A. flagrans. The fluorescence signals of Figures 1C–1F were

quantified (Figure S1). The arrows indicate the site of infection. The scale bar represents 100 mm.

ll
OPEN ACCESS

iScience
Article
Therefore, nlp-27 expression was also studied by DiO staining. DiO stains the amphid neurons (Figure S3B).26 The results do not exclude that

NLP-27 is also expressed in some other neurons, but it indicates a complex chemosensory regulation in neurons. The nlp-29 cluster, of which

nlp-27 is part of, has long been proposed to have antimicrobial activity.5 However, the AMP function has been inferred to the whole cluster

based on NLP-31 antimicrobial activity. A neuronal expression of nlp-27might be indicative of a distinct function for this neuropeptide, other

than antimicrobial.

ASIs are polymodal sensory neurons involved in themodulation of wormbehaviors such as dauer formation,27 suppression of sexual attrac-

tion behavior,28 negative modulation of thermotaxis,29 avoidance of the smell of pathogenic bacteria after ingestion,30 and acute CO2
iScience 27, 109484, April 19, 2024 3



Figure 2. nlp-27 is induced in the head area of C. elegans after infection with A. flagrans and after wounding

Induction of nlp-27 in nlp-27(rfl2) after trapping of the nematode in the (A) head and (B) tail area. The arrows indicate the site of infection. The scale bar represents

100 mm.

(C) Comparison of the fluorescence of the reporter construct in untrapped and in trapped nematodes. The above panels show the marked area of the pharynx,

while the graph shows the total cell fluorescence measured in ImageJ. Unpaired Student’s t test was calculated for all experiments. Ns p > 0.05, *p < 0.05,

**p < 0.01, ***p < 0.001.

(D) Visualization of the fluorescence of the reporter construct after wounding in nlp-27(rfl8). The scale bar represents 100 mm.

(E) Expression of nlp-27 in ASI and ASH head neurons nlp-27(rfl2). Yellow triangle and green star point at ASI and ASH neurons. The graph represents the GFP,

and wrmScarlet (RFP) intensity measured with ImageJ along the line shown in the close-up. The scale bar represents 20 mm.
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avoidance.31 During infection, ASI neurons are involved in pathogen avoidance while ASH downregulate the immune response.32 Moreover,

both pairs of neurons express dcar-1, the GPCR upstream of nlp-27 regulatory pathway. DCAR-1 has been shown to be involved in the upre-

gulation of nlp-27 expression when the nematode is exposed to dihydrocaffeic acid (DHCA) and the endogenous ligand for DCAR-1 is HPLA

(4-hydroxyphenyllactic acid) a tyrosine derivative shown to be increased in patients with sepsis.25,33 The nematode also shows avoidance

phenotypewhen exposed toDHCA, and expressing dcar-1 only in ASI, ASH, and PVQneurons is enough to restore the avoidance phenotype.

Therefore, there is evidence for a complex interplay between the ASI and ASH, ASI and pathogen and DHCA avoidance and perhaps the

endogenous activation of the dcar-1 which leads to nlp-27 expression. Focusing on these two pairs of neurons improves our knowledge

on how ASI and ASH might modulate the immune response.

NLP-27 is required for fast paralysis of C. elegans and is independent of the MAP kinase PMK-1

To determine the function of NLP-27 during fungal infection, we generated C. elegans nlp-27(rfl1)mutant using CRISPR/Cas9 and deleted a

397 bp fragment (Figure 3A). To confirm the deletion, we used primers JEP965 and JEP966 in a qPCR (Figure 3B). In virulence assays, we found

an increased paralysis time - which is the time it takes for C. elegans to stop moving after being trapped - in the nlp-27(rfl1) mutant as

compared to wild type (Figure 3C). This was also confirmed by the paralysis time of worms treatedwith nlp-27 RNAi (Figure S4). In comparison

to the upregulation of nlp-27 during A. flagrans infection, bacterial infections with P. aeruginosa, S. marcescens, Enterococcus faecalis, Ba-

cillus thuringiensis, and Photorhabdus luminescens cause downregulation of nlp-27.12,13 The lifespan ofC. eleganswas not changedby nlp-27
4 iScience 27, 109484, April 19, 2024



Figure 3. NLP-27 is required for fast paralysis during fungal infection

(A) Scheme of the nlp-27-deletion mutant nlp-27(rfl1). Dark gray boxes represent the promoter region and the 30 UTR, the light gray box represents the signal

peptide, the white box represents the first exon and the dashed box the intron region.

(B) nlp-27 relative expression in wild type C. elegans (N2) and the nlp-27-deletion strain nlp-27(rfl1), **p < 0.01.

(C) Infection assay of N2 and the nlp-27 deletion strain nlp-27(rfl1) with A. flagrans. ****p < 0.0001.

(D) Lifespan assays of N2 and the nlp-27-deletion strain nlp-27(rfl1).

(E) NLP-27 overexpression in N2. nlp-27 mRNA fold change in nlp-27(rfl13) overexpressing nlp-27 under the native promoter relative to N2. **p < 0.01.

(F) Time to paralysis of N2 and the nlp-27(rfl13) strain. *p < 0.05.

(G) Lifespan assays of N2 and the nlp-27(rfl13) strain overexpressing nlp-27 under nlp-27 promoter in N2. Lifespans were performed in triplicates with at least 50

nematodes per replicate. Relative expression (2-DCt) is presented for each condition. act-1 was used to normalize the Ct value of the genes. The mRNA fold

change was calculated as a ratio of the relative expression of the condition tested to the control. Unpaired Student’s t test was calculated for all

experiments. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SD.
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deletion (Figure 3D). To further prove a function of NLP-27 in the paralysis process, we overexpressed nlp-27 in wild-type nlp-27(rfl13) strain

and in the nlp-27mutant strain nlp-27(rfl6). The construct was obtained by amplifying 1.5 kb upstream of the coding region and 0.3 kb down-

stream of the coding region. Overexpression was demonstrated by qRT-PCR (Figure 3E). The paralysis time was reduced compared to the

empty vector control (Figure 3F) verifying a role of NLP-27 in the infection. The lifespan was also unaffected after overexpression (Figure 3G).

All the mutants showed normal motor phenotypes.

nlp-27 is part of the nlp-29 cluster that was described to be under the control of the PMK-1MAPK and the STA-2 transcription factor. Most

data about the nlp-29 cluster were obtained using nlp-29 gene reporter strains, whose characteristics were then inferred to the whole cluster.

To test whether this regulatory pathway was indeed involved in the case of the nlp-27 gene, an infection assay was performed using the wild

type and the pmk-1(km25) and sta-2(ok1860) mutants.9 nlp-27 expression in infection with A. flagrans was pmk-1 and sta-2 independent (Fig-

ure 4A). Hence, the pathway that regulates nlp-27 expression differs from the pathway for nlp-29 gene expression.5,14
nlp-27 expression is DCAR-1 dependent but independent of the human TRIB1 homolog NIPI-3

After wounding, the C. elegans immune system responds by initiating repair mechanisms and also upregulating AMPs like the nlp-29 clus-

ter.14 NIPI-3 (no induction of peptide after Drechmeria infection) is a homolog of the human TRIB1 (tribbles homolog 1) and was identified

upstream of SEK-1 (MAP2K). nipi-3(fr4) mutants respond to wounding by upregulating nlp-29 expression, while during infection with

D. coniospora there is no upregulation of nlp-29.34 To determine if nlp-27 induction depends on nipi-3 in infection with A. flagrans, synchro-

nized young adults of the mutant strain were infected in a 4 h assay as described previously. nlp-27 expression was independent of nipi-3

(Figure 4B). This indicates that A. flagrans and D. coniospora fungal infections induce different immune response pathways.
iScience 27, 109484, April 19, 2024 5



Figure 4. Expression analysis of nlp-27

(A) nlp-27 relative expression in the pmk-1(km25)mutant and sta-2(ok1860)mutant. RNAwas extracted frommutant strains after 4 h of co-incubation with induced

A. flagrans, ns p > 0.05.

(B) nlp-27 expression in a nipi-3(fr4) mutant background, *p < 0.05.

(C) Scheme of the PMK-1/p38 MAPK cascade activated by wounding or infection with D. coniospora.

(D) Time to paralysis of the dcar-1(tm2484), ***p < 0.001.

(E) nlp-27 complementation with nlp-27 expressed under the native promoter nlp-27(rfl6) and under the hypodermal promoter col-12 nlp-27(rfl7), ***p < 0.001.

(F) Time needed to paralyze the ASI(�) and ASH(�) ablated strains, ns p > 0.05.

(G) nlp-27 mRNA fold change in infection with A. flagrans in the ASI(�) and ASH(�) ablated strains, ns p > 0.05.

(H) nlp-27 mRNA fold change after exposure to 5 mM DHCA in the ASI(�) and ASH(�) ablated strains. For the virulence assays unpaired Student’s t test was

calculated for all experiments. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Fold change was calculated as the relative expression (2-DCt) ratio of the

infected condition to the control condition for each strain in biological triplicates. Error bars represent sd. act-1 was used to normalize the Ct value of the genes.
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Because DCAR-1 is the known GPCR upstream of the nlp-29 cluster25 (Figure 4C), including nlp-27, we tested whether the dcar-1(tm2484)

mutant behaves similar to the nlp-27mutant during infection. Indeed, dcar-1(tm2484) showed the same increased paralysis time as the nlp-27

mutant when infected with A. flagrans (Figure 4D), confirming the relationship between nlp-27 and DCAR-1. Moreover, the nlp-27mRNA fold

change in dcar-1(tm2484)mutants in infection is lower than the fold change seen in the wild type during infection (Figure S5). All the mutants

showed normal motor phenotypes.
Hypodermal expression of nlp-27 rescues the paralysis phenotype

To determine if hypodermal or neuronal expression of nlp-27 is required to rescue the paralysis phenotype of the nlp-27 mutant, we ex-

pressed the nlp-27 ORF in the mutant background under the hypodermal specific promoter col-12 promoter as an extrachromosomal array

in nlp-27(rfl7) (Figure S6A). The paralysis time of the transgenic strain resembled the time in wild type, suggesting that hypodermal expression

is sufficient to explain the observed phenotype and that neuronal expression of nlp-27 in ASI and ASH neurons might play an additional role

other than paralysis (Figure 4E). Moreover, overexpression of nlp-27 under the control of col-12 showed a decreased paralysis time (Fig-

ure S6B). ASI(�) (PY7505) and ASH(�) (JN1713) strains express caspase in these pairs of neurons with help of specific promoters and both
6 iScience 27, 109484, April 19, 2024
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showed the same paralysis phenotype as the wild type (Figure 4F).29,35 The two neuronal ablated strains had also no significant change in the

regulation of nlp-27 compared to the control during infection withA. flagrans. This experiment showed that there is no involvement of the ASI

and ASH neurons in nlp-27 regulation during infection (Figure 4G). All the mutants showed normal motor phenotypes.

DCAR-1 is expressed in both ASI and ASH neurons and has been shown to be involved in the upregulation of nlp-27 expression when

C. elegans is exposed to dihydrocaffeic acid (DHCA).25 ASH(�) andASI(�) ablated strains showed the same upregulation of nlp-27 after expo-

sure to 5 mM DHCA similar to wild type (N2), suggesting that nlp-27 expression is not modulated by either ASH or ASI neurons when the

nematode is exposed to DHCA (Figure 4H).

A. flagrans causes dendrite degeneration of the PVD mechanosensory neurons close to the infection site

C. elegans has many natural pathogens and there have been reports that exposure to some pathogens like P. aeruginosa or Streptomyces

venezuelae can cause neurodegeneration.36,37 PVD neurons have ordered dendritic branches called menorahs and respond to harsh touch.

The neurons are located between the hypodermis and its basement membrane.38 The PVD neurons form a network of branches that envelop

the body and tail of the nematode (Figure 5A). To investigate if A. flagrans infection can cause PVD neurodegeneration, the NC1686

C. elegans strain, where PVD neurons are visualized by GFP, was used in a fungal infection assay (Figure 5). When the neurons are intact,

they appear as line-like structures (Figure 5A). The neurodegeneration phenotype is characterized by bead-like GFP structures along the neu-

rons (Figure 5B). Synchronized NC1686 young adults were infected with A. flagrans and observed shortly after trapping. Neurodegeneration

was indeed observed and seemed to spread from the trap site (Figures 5C–5E). The observed neurodegeneration in infection was quantified

in Figure S7. To compare this observation with the neurodegeneration of the nlp-27mutants during infection we crossed the NC1686 strain

with nlp-27(rfl1) mutants and obtained the line nlp-27(rfl19). The nlp-27 mutants nlp-27(rfl19) showed reduced neurodegeneration during

infection as compared to the wild type but more neurodegeneration than non-infected nematodes. Nematodes trapped in the head area

clearly had different degrees of neurodegeneration along the length of the nematode (Figure 5D). Sterile wounding also caused neurode-

generation (Figure S8).

NLP-27 causes dendrite neurodegeneration

Wehave shown thatA. flagrans infection causes nlp-29-cluster gene upregulation. NLP-29was shown to cause dendrite neurodegeneration in

PVD neurons, whereas NLP-31—which is also similar to NLP-29—caused no dendrite neurodegeneration.8 Therefore, we tested such a func-

tion for NLP-27. nlp-27 was overexpressed in the NC1686 strain. A nematode was considered to have neurodegeneration if a total of ten or

more bead structures were observed in more than fivemenorahs. NLP-27 expression led to neurodegeneration to a similar degree as NLP-29

(Figure 6A).

A processed NLP-27 fragment is sufficient to induce neurodegeneration

In C. elegans as in other animals, neuropeptides are typically derived from preproteins that undergo post-translational processing and mod-

ifications to yieldmature neuropeptides.Mammal precursormolecules can be selectively processed to yield different peptides depending on

the cell type.39 Neuropeptide cleavage sites can be predicted using tools such as NeuroPred.40 NLP-27 was predicted to be cleaved twice,

once at the signal peptide site and once in the middle of the remaining peptide (Figure 6B).

To elucidate which fragment of the peptide is responsible for the neurodegeneration of the PVD neurons, two plasmids were constructed

containing the signal peptide region and the first cleaved region (NLP-27A) or the signal peptide region and the second segment after

the predicted cleavage (NLP-27B). The plasmids were injected in the NC1686 C. elegans line with GFP tagged PVD neurons and observed

in the second and third day of adulthood. All the mutants showed normal motor phenotypes. We confirmed nlp-27A and nlp-27B expression

in the strains expressing these fragments, nlp-27A(rfl17) and nlp-27B(rfl18)(Figure S9A). The strain expressing NLP-27A showed a higher level

of degeneration in comparison to NLP-27B. Hence, NLP-27A appears to mainly be responsible for the neurodegeneration phenotype (Fig-

ure 6C) while expressing nlp-27B in the wild-type background seems to lead to a lower time to paralysis than overexpressing nlp-27

(Figure S9B).

Next, we tested if Neprilypsin 1 (NEP-1), a membrane-bound metallopeptidase and a homolog of human enkephalinase is required for

NLP-27 processing and control of the paralysis time.4,41 However, a C. elegans nep-1 mutant had a paralysis time similar to N2 in infection

with A. flagrans (Figure 6D).

Opioid antagonist treated worms phenocopy nlp-27 overexpression

NLP-27 contains the same YGGYG sequencemotif as NLP-24, which binds the human m and k-type opioid receptors41 (Figure 6E). In humans,

opioid use alters the sleep architecture and causes a lack of sleep by decreasing the levels of adenosine, an endogenous somnogen.42 These

observations suggest that YGGYG containing peptides might have a role in the nematode opioid system. The opioid agonist morphine

causes addiction-like behaviors in C. elegans while naloxone, an opioid antagonist, induces withdrawal symptoms.43 To test if opioid antag-

onists have any effect on the paralysis time upon infection, synchronized young adults were treatedwith 10mMnaloxone by transferring them

on LNA containing naloxone 10mM for 4 h before the start of the virulence assay. Naloxone-treated nematodes behaved like the nlp-27 over-

expression strain (Figure 6F).Whether naloxone effect is additive to nlp-27 overexpression or if naloxone is altering the time to paralysis of nlp-

27 mutant should be part of a follow-up study.
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Figure 5. Neurodegeneration during A. flagrans infection

(A) Control PVD neurons in NC1686 expressing F49H12.4(p)::GFP. The scale bar represents 10 mm.

(B) Neurodegeneration of PVD neurons in NC1686 strain expressing F49H12.4(p)::GFP. The scale bar represents 10 mm.

(C) C. elegans NC1686 infected with A. flagrans. The arrows indicate the site of infection. The scale bar represents 100 mm.

(D) C. elegans NC1686 infected with A. flagrans. The arrows indicate the site of infection. The scale bar represents 100 mm.

(E) 1–3 are close ups from the regions indicated in (D). The scale bar represents 10 mm.
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DISCUSSION

Neuropeptide-like proteins are widespread in eukaryotes but yet not well studied. However, their roles extend beyond neuronal

tissues. C. elegans encodes over 48 precursor nlp genes,44 and here we studied one member of the nlp-29 gene cluster, nlp-27. All

nlp-29 cluster genes were upregulated upon infection with the nematode-trapping fungus A. flagrans, and nlp-27 showed an interesting

spatial expression pattern. nlp-27 was downregulated at the infection site but upregulated in the head region and specifically in two

neurons.

The upregulation of nlp-27 after A. flagrans infection is in contrast to the effect during bacterial infections, where nlp-27 is downregulated.

The induction of nlp-27 in the head region and the ASI and ASH neurons suggests a regulatory rather than an antimicrobial function since this

expression is independent of the site of pathogen infection. Indeed, nlp-27 upregulation decreased the paralysis time during the infection

while nlp-27-deletionmutants had a longer paralysis time. Hence, upregulation of nlp-27 appears advantageous for the success ofA. flagrans

andNLP-27 can be considered as an endogenous virulence factor. It is tempting to speculate thatA. flagranswould have evolvedmechanisms

to prevent nlp-27 upregulation if upregulation would have a negative effect.
8 iScience 27, 109484, April 19, 2024



Figure 6. NLP-27 processing

(A) Percentage of NC1686 nematodes with PVD dendrite degeneration expressing empty-vector control (black), nlp-27 (red), nlp-27(rfl3), or nlp-29 (blue) nlp-

29(rfl4). ****p < 0.0001. One-way ANOVA test was calculated.

(B) Scheme of NLP-27 with a cleavage site predicted with the NeuroCS prediction tool and Phobius.50,51 The gray box represents the signal peptide, the red box

peptide A and the blue box peptide B. Peptide A and peptide B were each fused to the SP for expression of the individual peptides in (C).

(C) Percentage of NC1686 nematodes with PVD dendrite degeneration expressing empty-vector control (black), nlp-27A (red) (strain nlp-27(rfl10)), nlp-27B (blue)

(strain nlp-27(rfl11)). ns p > 0.5, ***p < 0.001, ****p < 0.0001. A one-way ANOVA test was applied.

(D) Time to paralysis of the nep-1(by159) mutant, ns p > 0.05.

(E) COBALT alignment of NLP-24 and NLP-27 with the YGGYG motif marked.52

(F) Time to paralysis of wild type C. elegans exposed to 10 mM naloxone for 4 h before the virulence assay. *p < 0.05. The unpaired Student’s t test was applied.
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In C. elegans there are two states of sleep, developmentally timed sleep (DTS) and stress-induced sleep (SIS). DTS occurs for 2–3 h

between the larval stages and is dependent on the GABAergic RIS interneuron and the glutamatergic RIA interneurons.45 SIS occurs after

exposure to stimuli that cause cellular stress and is dependent on the peptidergic interneuron ALA.46 If the sleep-like behavior during

A. flagrans attack depends on one of the several sleep interneurons described in SIS and DTS remains to be determined. Here we showed

the effect on sleep of NLP-27 in fungal infection. Perhaps the cuticle wounding during the fungal infection along with SSPs function to

locally and systemically increase the production of NLPs, which in turn might act in a manner similar to that of the pro-inflammatory cy-

tokines from mammals and the nemuri protein of D. melanogaster.47 Overexpression of nlp-27 decreased the time of paralysis after infec-

tion, suggesting the fungus may benefit from the nematode immune response. A shorter paralysis time translates into faster availability of

nutrients for the fungus and less chances for C. elegans to escape or rupture the mycelium. In humans, opioid use alters the sleep archi-

tecture and causes a lack of sleep by decreasing the levels of adenosine, an endogenous somnogen.42 Perhaps the sleep induction seen in

the case of nlp-27 overexpression has an opioid antagonistic effect and promotes sleep to increase the survival chances of the

nematode.11

In contrast, nlp-31 is slightly upregulated in bacterial infection with B. thuringiensis and P. aeruginosawhile nlp-29 has the same expression

pattern as nlp-27.12 All three genes are expressed in the hypodermis while nlp-27 is also localized in some neurons. During infection, only nlp-

29 expression is increased at the infection site while nlp-27 expression increases in the head area and nlp-31 is induced everywhere. A stark

difference between the three peptides is their signaling cascades. Both nlp-31 and nlp-29 arepmk-1 and sta-2dependent while nlp-27 expres-

sion is independent of both. However, the nlp-27 promoter region contains two binding sites for the transcription factor DAF-16 (CTTATCA)

suggesting that nlp-27 transcriptionmight be regulated via DAF-16 in aDAF-2 dependentmanner.We have checked the expression of nlp-27

in DAF-2mutants (unpublished results), but we have not noticed any significant regulationduring infectionwithA. flagrans in the expression of
iScience 27, 109484, April 19, 2024 9
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nlp-27. Therefore, these threemembers of the nlp-29-cluster display high sequence similarities but their expression in infection suggests over-

lapping and distinct roles.

Expression of nlp-27 in ASI and ASH neurons indicates a complex chemosensory regulation of the gene in both neurons. However, it is

not yet clear whether ASH and ASI detect the pathogens directly or whether they get the signal from other sensory neurons. Exposure to

dihydrocaffeic acid (DHCA) upregulates the expression of nlp-27 in a DCAR-1 dependent manner. The ASH(�) and ASI(�) neuronal abla-

ted strain showed similar nlp-27 expression to wild type (N2) when exposed to 5 mM DHCA. Interestingly, nlp-27 expression in the hypo-

dermis alone was sufficient to induce a longer paralysis phenotype, suggesting that neuronal expression of nlp-27 might play an additional

role. Moreover, nlp-27 is not dependent on PMK-1 and STA-2 like other nlp-29-cluster genes, suggesting that NLP-27 acts in a distinct

manner.

Trapped nematodes showed a neurodegeneration gradient from the trap site along the length of the nematode. Interestingly, wound-

ing alone also caused PVD neurodegeneration. Therefore, fungal infection probably causes neurodegeneration through the wounding

response. Perhaps neurodegeneration is an effect of any innate immune response, and this only proves again the fact that A. flagrans

wounds the worm and triggers an innate immune response. Since nlp-29 was upregulated in the area of trap formation, it is likely that

mainly high concentrations of NLP-29 cause the observed neurodegeneration gradient. However, NLP-27 also enhanced neurodegenera-

tion upon infection. This might be especially important further away from the infection site, where NLP-27 could be the main player. Taken

together, A. flagrans apparently induces NLP-27 and NLP-29 to enhance neurodegeneration. Hence, both neuropeptides can be consid-

ered as endogenous virulence factors.

NLP-27 is predicted to contain a neuropeptide cleavage site, and indeed one of the predicted peptide fragments was able to induce

neurodegeneration as NLP-27 full length. NLP-24, a peptide from the same YGGYG family as NLP-27, is processed into opioid-like pep-

tides to activate neuropeptide receptor 17 (NPR-17). The YGGYG peptide also activated the human k and m opioid receptors in a cell cul-

ture.41 NLP-27 might also be processed in an opioid-specific manner. A candidate for the processing was C. elegans NEP-1, a homolog of

human enkephalinase.41 The fact that the paralysis time of nep-1 mutant strains was not different from wild type suggests that either NEP-1

has no function in NLP-27 activation or that the NLP-27 full-length peptide is also biologically active. Another possibility is that NLP-27, or

the N-terminal fragment thereof, is not further processed and YGGYG released, but that the protein motif binds to the receptor and blocks

the ligand-binding site. This can also be inferred from the fact that naloxone phenocopies the effect of NLP-27 overexpression. Hence, the

effect of NLP-27 induction in C. elegans resembles the effect of pro-inflammatory cytokines such as interleukin-1 and tumor necrosis fac-

tor–a in humans. These cytokines promote sleep by altering the excitability of sleep-inducing neurons.48,49 The next step should be to

identify the GPCR responsible for NLP-27 peptide binding. The fact that the ASI ablation strain did not show any difference in the paralysis

time speaks against NPR-17 (the NLP-24 receptor) because NPR-17 should be expressed in those neurons. Also, creating a non-cleavable

NLP-27 to determine whether cleavage is necessary for the observed phenotypes is an interesting aspect and should be observed in a

follow-up study.

Studying the effect of infection on the release of neuropeptides will contribute to the understanding of the mechanism by which the

fungus overcomes the host defense and kills the nematode, as well as the effects of the neuropeptides in the host organism during an

infectious attack. The inflammatory host immune response and its connection to the opioid-like processing is of importance as pep-

tide-GPCR binding relationships are highly conserved across animals and modulating this response can modulate the inflammatory

response. This work has shed light on the function of NLPs in general and how they perhaps may act as endogenous opioid receptor

antagonists.
Limitations of the study

We show that NLP-27 is upregulated during fungal attack. However, it is also upregulated upon wounding, and it remains open if specific

fungal signals add to the induction. We also discovered that the N-terminal fragment of NLP-27 is sufficient to induce neurodegeneration

but that the C-terminal part reduced the time to paralysis. Although it is tempting to speculate that the YGGYG motifs within the fragment

are the active entities and that the peptide is processed into the fragments A and B or even further, it remains to be determined if neuropep-

tide processing occurs indeed during the infection. Additionally, our findings indicate that nematodes exposed to naloxone, an opioid re-

ceptor antagonist, behave similar to nematodes overexpressing nlp-27. Future research is necessary to test whether NLP-27 functions in a

manner similar to an opioid antagonist and whether it binds to an opioid receptor.
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Software and algorithms
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Reinhard Fischer

(Reinhard.fischer@kit.edu).

Materials availability

All strains and plasmids will be available upon request to the lead contact.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans strains were cultured andmaintained using standard conditions as described.53 Bristol N2 was used as the wild type control unless

otherwise indicated. All strains were obtained from Caenorhabditis Genetics Centre (CGC) unless stated otherwise. Strains used in this study

are described in the key resources table. All the constructed strains express the constructs as an extrachromosomal array. We used empty

vector control in the experiments assessing the transgenic lines expressed as extrachromosomal arrays.

The following bacterial strains were used: Escherichia coli strain OP50.53 Bacterial cultures were grown overnight in 4 mL of Luria-Bertani

(LB) broth at 37�C.We used standard concentrations of OP50 (Wormbook). SameOP50 concentration was used for both control and the test.

A. flagrans wild type was obtained from the CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands.

Plasmids are listed in the key resources table, and the oligonucleotides used for constructing them are listed in the key resources table.

Oligonucleotides used for qRT-PCR and for the CRISPR/Cas9 deletion are listed in the key resources table.

METHOD DETAILS

qRT-PCR

For RNA extraction synchronized worms already infected were collected with DEPC water and frozen. RNA was extracted in TRIzol with iso-

propanol and later the DNAwas digested using Turbo DNA-free Kit Invitrogen. The total RNAwas diluted to a concentration of 50ng/mL. The

Luna Universal One-Step RT-qPCR KIT (NEB) was used according to the manufacturer’s instructions. The brand and model of the machine

used to conduct the qRT-PCR is Bio-Rad iCycler iQ� Real-Time PCRDetection System. The relative fold changes of the transcripts were calcu-

lated using the comparative Ct (2-DDCt) method. For relative expression 2-DCt was presented for each condition. act-1 was used to normalize

the Ct value of the genes. Unpaired Student’s t-test or one-way ANOVA was calculated for all experiments. ns P>0.05, *P<0.05, **P<0.01,

***P<0.001. Error bars represent standard deviation. At least three biological replicates and two technical replicates were performed for

each qRT-PCR experiment. Primers are listed in the key resources table. The primers used for qRT-PCR span the exons regions. We tested

the primers against theA. flagransdatabase, and the primers are specific toC. elegans. The nlp-27primer pair is specific only to the respective

mRNA region when considering product length shorter than 300bp and larger than 70bp. The other pairs of primers have a lower specificity.

nlp-34 primer pair also targets R13D11.10, nlp-31 primer pair also targets nlp-29 and nlp-29 primer pair also targets nlp-31 and nlp-30 while

nlp-28 also targets lonp-1.

CRISPR/Cas9 knock-out

For CRISPR/Cas9 the mix was prepared as follows: 1.5 mL 100 mM trRNA and 1.1 mL 200mM crRNA incubated at 95�C for 5 min and 25�C for

5 min then added onto 1 ml Cas9 2.5 ng/ml and incubated at 25�C for 5 min. 12.5 ng/mlmyo-2::mCherrywas added as a transformation marker

and all was resuspended in IDT buffer to a total volumeof 10 ml. All reagents used in theCRISPR/Cas9mix were acquired from IntegratedDNA

Technologies (IDT). The oligonucleotides used are listed in the key resources table.

Cultivation of A. flagrans

A. flagrans was grown on solid PDM with 1.5 % agar at 28�C for 7 days. The spore solution was prepared by flushing the plate with water and

scratching the mycelium off the plate and filtering the solution through miracloth to collect the spores in the water without mycelium.

C. elegans infection assay

The infection assay withA. flagranswas used to determine the gene expression of the nematode as a response to fungal infection. The worms

to be observed were age-synchronized and used in the L4-young adult stage. The day before, LNA petri dishes were inoculated with

A. flagrans spores and induced using wild type worms. On the day of the infection assay, the wild type nematodes used to induce the traps

were rinsed and the synchronized nematodes were distributed onto the plates. After 4 hours or 24h incubation the plate was gently washed to
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remove the untrapped nematodes which were discarded. Afterwards, the plate was washed and scraped with a spatula to collect all the trap-

ped nematodes. The collected nematodes were flash frozen in liquid nitrogen to later be used in RNA extraction.
C. elegans virulence assay

The virulence assay was used to determine the time it takes for the worm to become paralyzed during A. flagrans infection. The worms to be

observed were age-synchronized and used in the L4 larval stage. The day before, LNA pads were inoculated with A. flagrans spores and

induced usingwild typeworms.On the day of the virulence assay, thewild typeworms used to induce the trapswere rinsed and the inoculated

agar was transferred in a microscopy chamber using a spatula. The positions of the traps were first recorded and 10 ml of the synchronized

nematodes were distributed in each chamber with inoculated agar pads and observed for 12 hours.Wormswere assayed for movement every

5 to 15 minutes depending on the numbers of worms in the sample. All experiments were performed in at least biological duplicates and the

experimenters were blinded to the experimental group. The moment of trapping was considered the start of the time count. The last image

capture which showed significant movement was considered to be the end of the time count. The amount of time is considered to be the

‘‘time to paralysis’’. A significant movement is considered a movement larger than the width of the worm. On average, 500 hundred worms

were used in each replicate of the paralysis assay. Of these only a percentage of them were trapped. On each paralysis graph we display the

mean and standard deviation. We used unpaired Student’s t-test to quantify the statistical difference.
C. elegans lifespan

The synchronized L4 larvae were transferred to NGM + E. coli OP50. Day 0 was considered when nematodes were at the L4 larval stage. A

nematode was counted as alive if there was movement. The nematodes that showed nomovement were gently touched with a platinum wire

and for a few seconds it was observed if there was a movement reaction. If there was no active movement even after repeated touching, they

were documented as dead and removed from the plate. If the nematodes showed vulval protrusion, they were removed from the experiment

and censored. The data obtained from the lifespan assay was then used to plot a survival curve. The experiments were repeated in biological

triplicates at least at two different time points with a minimum of 50 worms per replicate. All experiments were conducted at 20�C and no

FUdR was used. The Kaplan-Meier method was used to calculate the survival fractions, and statistical significance between survival curves

was determined using the log-rank test. Experimenters were not blinded to the experimental group. However, since there is no significant

difference in the observed phenotypes, we did not repeat this experiment in a blind manner. The worms were checked on the following

days for movement: 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 21, 22.
C. elegans PVD dendrite degeneration quantification

PVD dendrite degeneration was characterized as bead or bubble-like structures along the neuron processes. The strain used to observe the

neurodegeneration phenotype expresses GFP under F49H12.4 promoter (key resources table). These structures were quantified using the

40x magnification. Nematodes were considered to have neurodegeneration in the dendrites if a total of ten or more of these structures

were observed in more than five menorahs and was reported as a percentage. All experiments were performed in biological triplicates.

30 to 50 wormswere used in the experimental assays per replicate and at least three replicates. On each neurodegeneration graph we display

a bar with the percentage of nematodes with dendrite degeneration and standard deviation. The brand of the microscope used in the neuro-

degeneration experiments is Axio Imager Z1 Zeiss. One-way ANOVA statistical test was used to compare the neurodegeneration observed.
C. elegans sterile wounding

The young adults were place on an injection pad andwoundedusing a sterilemicroinjection needle after which theywerewashedwithM9 and

placed on nematode growth medium (NGM). After 30 minutes the worms were placed onto LNA containing 15 mM NaN3 and used for

microscopy.
C. elegans amphid neurons staining with DiO

The nematodes were stained with DiO as previously described by.26 Briefly, young adults were washed in M9 buffer and incubated for 2 hr at

room temperature with 300 ul of fresh M9 containing DiO 1:150. After incubation the nematodes were washed with M9 and placed on NGM

with OP50 for at least 30 minutes before they were used for microscopy. DiO Cell-Labeling Solution stain was acquired from Thermo Fisher

Scientific.
RNAi treatment

L1 larvae were grown on E. coli strain HT115 (DE3) containing either the empty vector L4440 plasmid or the RNAi treatment plasmid contain-

ing nlp-27 ORF on NGM with IPTG. The plasmids were acquired from Source BioScience. After reaching the young-adult stage the nema-

todes were used in the virulence assay as described above to assess the time to paralysis.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using GraphPad Prism version 10.0.3 for Windows, GraphPad Software, www.graphpad.com. For the

comparison of mean values between two independent groups, the Student’s t-test was applied. One-way ANOVA was used to assess the

mean between three or more independent groups. Lifespan assays were analyzed using the Kaplan-Meier survival analysis method, with dif-

ferences in survival distributions evaluated using the log-rank (Mantel-Cox) test. All experiments were conducted at least in triplicate, with an

average of 50 worms per replicate unless stated otherwise. Results were considered statistically significant at a p-value of <0.05.
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